Award Number: MIPRBKBNS5M8926

TITLE: Rapid Induction of Protective Immunity Against Biothreat
Agents Using CPG-Based Oligonucleotides

PRINCIPAL INVESTIGATOR: Dennis M. Klinman, M.D., Ph.D.
CONTRACTING ORGANIZATION: DHHS/PHS/FDA/CBER

Bethesda, Maryland 20892
REPORT DATE: September 2003

TYPE OF REPORT: Final Addendum

PREPARED FOR: U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

DISTRIBUTION STATEMENT: Approved for Public Release;
Distribution Unlimited

The views, opinions and/or findings contained in this report are
those of the author(s) and should not be construed as an official
Department of the Army position, policy or decision unless so
designated by other documentation.

20031106 03;



REPORT DOCUMENTATION PAGE e

Public reporting burden for this collection of information is estimated to average 1 hour per response, indluding the time for reviewing instructions, searching existing data sources, gathering and maintaining
the data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for
reducing this burden to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arington, VA 22202-4302, and to the Office of
Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503

1. AGENCY USE ONLY 2. REPORT DATE
{Leave blank) September 2003

3. REPORT TYPE AND DATES COVERED
Final Addendum (1 Aug 2001 - 1 Aug 2003)

4. TITLE AND SUBTITLE
Rapid Induction of Protective Immunity Against Biothreat
Agents Using CPG-Based Oligonucleotides

5. FUNDING NUMBERS
MIPR8BKBN5M8926

6. AUTHOR(S)

Dennis M. Klinman, M.D., Ph.D.

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)
DHHS/PHS/FDA/CBER
Bethesda, Maryland 20892

8. PERFORMING ORGANIZATION
REPORT NUMBER

E-Mail: klinman@cber.fda.gov

9. SPONSORING / MONITORING
AGENCY NAME(S] AND ADDRESS(ES)

U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

10. SPONSORING / MONITORING
AGENCY REPORT NUMBER

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION / AVAILABILITY STATEMENT
Approved for Public Release; Distribution Unlimited

12b. DISTRIBUTION CODE

13. ABSTRACT (Maximum 200 Words)

This research project examines the ability of synthetic oligonucleotides (ODN) containing
immunostimulatory “CpG motifs’ to trigger the innate immune system, thereby improving the
host’s ability to survive infection by biowarfare agents. Additional studies examining the
ability of these CpG ODN to act as adjuvants when co-administered with vaccines being
developed to prevent infection by biowarfare pathogens are also being pursued. Our initial
results showed that CpG ODN protected mice against a variety of bacterial and viral
pathogens, including Anthrax, Ebola, Listeria, and Tularemia. When used as vaccine
adjuvants, these CpG ODN significantly boost antigen-specific IgG and type 1 cytokine
production in both muring and non-human primate models.

Recent studies focused on 1) identifying the optimal type and number of BpG motifs needed
to stimulate human immune cells, 2) establishing that these CpG ODN could protect against
pathogen challenge in non-human primates and 3)that these CpG ODN could promote the
induction of antifen-specific immune responses in non-human primates. Results indicate
that CpG ODN need to contain multiple different CpG motifs to stimulate PBMC form diverse
human donors. These ODN were found to protect rhesus macaques against pathogen challenge,
and to augment the immunogenicity of co-administered vaccines (including AVA, rPA, and
HKLV) in macaques. Serum transfer studies indicate that CpG ODN increase the magnitude and
rapidity of the protective immune response elicited by vaccines against anthrax.

14. SUBJECT TERMS 15. NUMBER OF PAGES

CpG oligonucleotide; Immunoprotection; Immunostimulation: Biowarfare 56

16. PRICE CODE

17. SECURITY CLASSIFICATION
OF REPORT
Unclassified

78. SECURITY CLASSIFICATION
OF THIS PAGE
Unclassified

19. SECURITY CLASSIFICATION
OF ABSTRACT
Unclassified

20. LIMITATION OF ABSTRACT

Unlimited

Standard Form 298 (Rev. 2-89)
Prescribed by ANS| Std. Z39-18
298-102

NSN 7540-01-280-5500 ‘ »



Table of Contents

00 1
SF 298....co i s s raara e e 2
Table of Contents.........cccoiiiiiiiiiiiiciic e e e 3
INtroduction......ccoiiiiiiiii s s e 4
2 oo 4
Key Research Accomplishments............ccoviiiiiiiiiciicinic s e e, 16
Reportable QUtCOMES.........ccceiiiiiiiiciiiiirir s rrs s rn res s s sasasns 16
CONCIUSIONS.....ciiiiiiiii i e rre s s sace s srs s st s srasasssnssnnnnnns 19
ReferenCes....cciviiiiiiiiiiiiiii e s e e s 20

APPENAICES....iuiiiiiieiiiiiiierirererrii et re s r et sa s s e e s naee 21



4) INTRODUCTION

When first confronted with a pathogenic microorganism, the immune system rapidly
mounts an “innate” immune response, characterized by the production of
immunostimulatory cytokines and polyreactive antibodies (1;2). An inadequate innate
response allows the infectious agent to overwhelm the host before a pathogen-specific
immune response can develop. The research being funded by the U.S. Army Medical
Research and Materiel Command examines the ability of synthetic oligonucleotides
(ODN) containing immunostimulatory “CpG” motifs to trigger the innate immune system,
thus improving the host's ability to survive infection and to generate a stronger and
more rapid immune response to co-administered vaccines.

Early studies in our lab established that the innate immune system is activated by
DNA of bacterial origin (3-6). Unmethylated CpG motifs present in bacterial DNA (but
rare in mammalian DNA) mediate this stimulation. Synthetic oligonucleotides (ODN)
containing unmethylated CpG motifs duplicate this effect (5-9). Within minutes of
administration, CpG ODNs enter lymphoid cells and trigger cytokine, chemokine and Ig
production.

Studies in mice showed that CpG ODN protected normal animals from infectious
challenge by 10? - 10° LD, of Listeria, Francisella, Malaria, and Leishmania for up to ten
days (10-12). Subsequent reports established that CpG ODN could be co-
administered with protein antigens to boost the resultant antigen-specific immmune
response (13-16). Ongoing research is focused on generating CpG ODN optimized for
administration to humans to achieve these biological effects, and on demonstrating
immunogenicity and protective efficacy in relevant non-human primate models.

5) BODY
A. Identifying the parameters that influence CpG ODN activity in humans.

1. Introduction

This lab previously documented that the murine immune system responds to
synthetic CpG oligonucleotides (ODN) in which the CpG dinucleotide is flanked by two
5' purines and two 3' pyrimidines (5). Subsequent studies established that Toll-like
receptor 9 (expressed by various types of immune cells) mediated this recognition of
CpG motifs (17;18).

When CpG ODN that stimulate mice were tested on human PBMC, they induced
little stimulation (18). This led us to hypothesize that TLR 9 expressed by rodents may
have diverged from that expressed by primates over evolutionary time periods (18).
Consistent with this hypothesis, we demonstrated that cell lines transfected with murine
TLR9 responded to murine (but not human) CpG ODN, while cell lines transfected with
human TLR9 responded to human (but not murine) CpG ODN (18).

To identify CpG motifs with optimal stimulatory activity in humans, we synthesized
and tested hundreds of ODN that varied in size, CpG flanking region, and backbone
composition. This work initially led to the identification of two distinct classes of CpG
ODN (19). “K” type ODN were found to bind to and activate monocytes, macrophages
and B cells, inducing them to proliferate and to produce IL-6 and/or IgM (19). In
contrast, type “D” ODN primarily stimulated plasmacytoid dendritic cells (pDC),
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improving their ability to present antigen and thus initiate an immune response (19).
These two discrete types of ODN differed in their CpG flanking regions and in certain
other structural elements.

Over the past several years, we focused our efforts on identifying ODNs capable of
stimulating physiologically relevant immune responses in humans. Towards that end,
many additional phosphorothioate ODNs were synthesized containing 1 - 5 different
CpG motifs, and their activity was tested in vitro using PBMC from a dozen different
normal healthy donors (20).

2. Effect of the number of CpG motifs on ODN activity.

Initial studies evaluated the effect of increasing the number of CpG motifs expressed
by a single ODN. As seen in Table |, the average response elicited by ODNs that
contained only one CpG motif was 25 + 4 % of the maximum response elicited by the
most stimulatory ODN. When two identical CpG motifs were present on a single ODN,
the average level of immune activation rose to 47 + 9% (p. <.01). Increasing the
number of motifs to 3 or 4 resulted in 66 - 70% maximal stimulation (p. <.01, Table ).
ODNs in which CpG motifs were incorporated at 5 sites were somewhat less active (49
+ 7%), suggesting that 3 - 4 was the optimal number of CpG motifs that could be
effectively recognized in ODNs up to 35 bases in length. These resuits were not
significantly affected by the spacing between motifs. We found that separating
individual CpG motifs by 1, 2 or 3 nucleotides, or changing the length of an ODN by up
to 8 bases, did not alter the relative magnitude of the immune response induced by
different ODNs (data not shown).

Table | Effect of increasing the total number of CpG motifs expressed on
the stimulatory activity of an ODN.

Total Number of % maximal response
CpG Motifs Prolif IL-6 igM IP-10 Avg
1 30+3 27+2 25+2 21+1 25+4
2 54+16 38+5 59+14 39+7 47+9 *
3 73+13 57+7 84+12 50+11 66+13*
4 62+7 68+2 88+5 63+1 70+11*
5 53+4 56+5 46+2 41+4 49+7 *

The level of immune activation induced by 1 uM of 32 different ODNs (see
Table I, series 1) was monitored in PBMC from >6 donors. IL-6, IgM and IP-10
levels in culture supernatants were measured by ELISA, while proliferation was
measured by *H-thymidine incorporation. The maximum background vs immune
stimulation observed in the samples studied was: IL-6; 0.2 vs 6 ng/ml, IgM; 0.3
vs 15 ug/ml, IP-10; 0.1 vs 2.2 ng/ml and proliferation 1,100 vs 27,100 cpm. To
facilitate comparison between donors, the maximum response in each assay was
set to 100, and the relative strength of each ODN then caiculated by the formula:
(response to ODN - background)/(maximum response - background) x 100%.
The average and std deviation for each group is shown.
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* Significantly greater than one motif, p <.01.
+ Significantly greater than two motifs, p < .01.

3. Immunostimulatory activity is influenced by the number of different motifs expressed
by an ODN.

The effect of incorporating different CpG motifs within an individual ODN was
then examined. As seen in Table Il, ODNs containing multiple different motifs were
significantly more immunostimulatory than those expressing a single motif multiple
times. Molecules of the same size containing 3 - 4 different motifs were nearly three
times as active as ODNs in which the same motif was present at 3-5 sites (p. <.01,
Table I1).

Table Il Effect of increased CpG motif heterogeneity on an ODN's stimulatory

activity
Number of Different % maximal response
CpG Motifs Prolif IL-6 IigM IP-10 Avg

1 27+2 26+3 19+4 21+3 23+4
2 40+16 44+5 50+14 42+7 44+4 *
3 63+4 51+5 78+2 56+4 62+10
4 69+7 55+2 74+5 63+1 65+7
5 48+6 50+3 42+4 48+ 54+3 *

22 ODNs were synthesized that contained 1 - 5 different CpG motifs. The
level of immune activation induced by 1 uM of each ODN was measured using
PBMC from 6 - 10 donors, as described in the legend to Table I. The average
level of immune stimulation induced by each group of ODNs is shown.

* Signficantly greater than one motif, p <.01.
+ Significantly greater than two different motifs, p < .01.

4. Immunostimulatory activity is influenced by the location of CpG motifs within an ODN.
The above findings are consistent with evidence showing that human PBMC can

recognize and respond to an array of CpG motifs (19;21;22). The next experiment
evaluated whether the 5' --> 3' order of these motifs affected the stimulation induced by
an ODN. ODNs of similar length were synthesized in which either a relatively strong
CpG motif (such as GGCGTT) or a relatively weak motif (such as CTCGAC) was
inserted at any of 5 sites along the length of the ODN (site 1 being nearest the 5' end
and site 5 being nearest the 3' end). ODNs containing the stronger motif at site 1
induced significantly greater immune activation than those containing a less active motif
at the same position (63% vs 19%, p. <.01, Table lll). This positional effect was
observed in all assays of immune activation (proliferation, IgM, IL-6 and IP-10
production), indicating that ODNs with a strong CpG motif at the 5' end were broadly
immunostimulatory. A similar but smaller positional effect was observed at site 3, where
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inclusion of the more stimulatory motif generated significantly greater immune
responses (59% vs 33%, p. <.02, Table Ill). At site 5 (nearest the 3' end), incorporation
of a weaker motif generated ODNs of significantly greater activity (56% vs 42%, p.
<.02). In contrast, the use of strong vs weakly stimulatory motifs at sites 2 and 4 had no
significant effect on the activity of an ODN.

Table i Effect of CpG motif position on an ODN's stimulatory activity
Site Motif Prolif IL-6 IgM IP-10 Avg

1 Strong 70+9 67+5 63+7 64+7 63+7*
1 Weak 21+1 16+3 18+2 21+1 19+2
1 Control 26+5 23+5 21+3 13+1 21+6
2 Strong 49+8 45+6 42+6 44+10 45+2
2 Weak 42+7 65+9 36+4 40+5 46+11
3 Strong 61+10 66+7 50+7 60+10 59+6"*
3 Weak 35+3 38+3 38+3 22+2 33+7
4 Strong 42+4 60+7 47+3 47+8 49+8
4 Weak 519+7 50+5 61+6 37+3 50+8
5 Strong 45+7 49+6 40+3 47+7 42+7*
5 Weak 53+5 52+4 60+6 45+4 56+9

ODNSs containing a strong, weak or control (non-CpG) motif at sites 1 - 5
were synthesized. The level of immune activation induced by 1 uM of each ODN
was measured in PBMC from 6 donors, as described in the iegend to Table .
The average level of immune stimulation induced by all ODNs with a specific
motif at each site is shown.

* Significant difference between strong vs weak motifs, p <.02.

B. Establishing a non-human primate model for studying the in vivo activity of
CpG ODN.
1. Introduction

Previous studies established that human PBMC respond to two structurally
distinct classes of CpG ODN (19). “D” type ODN triggered the secretion of IFNa and
IFNy (19) whereas “K” ODN induced human PBMC to proliferate and secrete IL-6 and
IgM (Fig1, (19), and data not shown). Analysis of several hundred CpG ODN identified
several “D” and “K” ODN that strongly activated human PBMC (19). Some of these
ODN (Table IV) were tested for their ability to stimulate PBMC from rhesus macaques.




Table IV: Sequence and backbone of “D”, “K” and control ODN.

D19: GGTGCATCGATGCAGGGGGG
D29: GGIGCACCGGTGCAGGGGGG
D35: GGTGCATCGATGCAGGGGGG
D122: GGTGCATIGATGCAGGGGGG
K3: ATCGACTCTCGAGCGTTCTC
K123: TCGTTCGTTCTC

K23: TCGAGCGTTCTC

K163: TIGAGIGTTCTC

AA3M: GGGCATGCATGGGGGG

Bases on a gray background are phosphodiester while those on a white
background are phosphorothioate.

2. Response of macague PBMC to human CpG ODN.
Since CpG ODN that are most active in humans are poorly immunostimulatory in

mice, a relevant animal model was need to study the activity of “human” ODNs in vivo.
Towards this end, the response of rhesus PBMC to “D” and “K” ODN was evaluated.
Results show that macaque PBMC were activated to produce TNFa by the same “D”
ODN that stimulate human PBMC (p<0.002, Fig 1). In contrast, neither “K” ODN, nor
control ODN that are structurally similar to “D” but lack the critical CpG dinucleotide, had
this effect.

IFNa Proliferation
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Figure 1. Response of primate PBMC to “K” and “D” ODN.

PBMC from 8-20 normal human donors and 20 rhesus macaques were
stimulated for 72 hr with 3 yM of “K”, “D” or control ODN (in which the critical CpG
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motifs were inverted or replaced with TpG). IFNa levels in culture supernatants
(units/ml) were determined by ELISA, while cell proliferation (DPM) was assessed by
[H]® thymidine uptake. Note that “D” ODN induce the secretion of IFNa while “K” ODN
induce cell proliferation (and IL-6 production, data not shown). All assays were
performed in triplicate. Statistical significance was determined by ANOVA of log
normalized data. * p <0.05; ** p<0.01.

Proliferation and IL-6 secretion were used to compare the response of macaque
and human PBMC to “K” ODN (Fig 1). PBMC from both species were stimulated by “K”
ODN to proliferate (p<0.002) and secrete IL-6 (p<0.01), whereas controls of the same
structure as “K” ODN but lacking the critical CpG motif failed to trigger immune
stimulation. These findings demonstrate that the pattern of reactivity of PBMC from
rhesus macaques (N = 20) and humans (N = 8-20) to “K” and “D” ODN is quite similar.

Ongoing studies in our lab indicate that individual humans and monkeys vary in
their response to specific “K” and “D” sequences. Indeed, no single “D” or “K” motif is
optimally stimulatory in all donors (23). However, mixtures of ODN were identified that
strongly stimulated PBMC from all human donors. These mixtures were tested on
PBMC from macaques and found to be uniformly active (Fig 2). Subsequent in vivo
studies were conduced with these ODN mixtures.
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CONTROLODN -~
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Figure 2. Macaque PBMC respond to CpG ODN mixtures optimized for human use.
PBMC from rhesus macaques (N = 12-20) were stimulated in vitro for 72 hr with
a mixture of D19, D29 and D35 (1 uM each) or K3 and K123 (1.5 uM each). D122 and
K163 were used in the control ODN mixture. Levels of IL-6 and IFNa in culture
supernatants were measured by ELISA; while proliferation was measured by [H]*-
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thymidine uptake. Statistical significance was determined by ANOVA of the normalized
data. ** p<0.01.

C. Immunoprotective activity of CpG ODN in Rhesus Macaques

1. Introduction

The results described above support the in vivo testing of CpG ODN proposed
for human use in rhesus macaques. Initial studies utilized a cutaneous Leishmaniasis
infection model. This model was selected because |) previous studies established that
CpG ODN prevent leishmania infection in mice and Il) cutaneous leishmania is a self-
limited disease in rhesus monkeys and thus approved for study at CBER (24).

2. Model system.
To determine whether CpG ODN could protect primates from leishmania

infection, rhesus macaques were treated i.d. with 500 ug of either D or K CpG ODN.
Treatment was adminstered 3 days before and 3 days after intradermal challenge with
10° metacyclic promastigotes of L. amazonensis. This challenge induced the
development of cutaneous Leishmania lesions resembling those that develop naturally
in infected humans (Fig 3). In untreated monkeys the peak surface area was of 14 + 10
mm? on day 22. As shown in Fig. 3, treatment of the macaques with D ODN, but not
with K ODN, significantly reduced the size of these cutaneous lesions (p<0.001). Thus,
treatment of primates with CpG ODN type D results in protection from local challenge
with pathogenic Leishmania parasites. This finding represents the first example of CpG
ODN increasing the resistance of primates to an infectious pathogen.

~4— K ODN
-~ D ODN
~#r—Saline

Lesion size

Weeks post challenge

Fig 3 Effect of CpG ODN treatment on Leishmania lesions.

Cutaneous lesions in macaques treated 500 ug of a mixture of (D19, D29 + D35)
(N=6) , (K3 + K123) (N=6) or saline i.d. 3 days before and 3 days after an infectious
challenge with 107 /. amazonensis metacycle promastigotes (PH8). The average size of
the resultant lesions is shown as the mean area (calculated as mean diameter/2)? x pi).
Note that macaques treated with “D"ODN had significantly smaller lesions (p<0.05).
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D. Use of CpG ODN as immune adjuvants in non-human primates.

1. Introduction

Owing to the difficulty of using lethal agents for challenge studies involving
rhesus macaques, the experimental system described above was used to analyze the
ability of CpG ODN to act as an immune adjuvant. Specifically, we analyzed whether
the addition of CpG ODN to HKLV could improve the immunogenicity of that vaccine.

2. CpG ODN improve the immunogenicity of Heat-Killed Leshmania vaccine (HKLV).

Previous human clinical trials showed that HKLV in alum is a safe but poorly
immunogenic vaccine (25). We immunized and boosted macaques with a mixture of
HKLV in alum plus CpG ODN. PBMC from these animals were isolated 10 days post
boost and re-stimulated in vitro with leishmania antigen for 72 hr. As seen in Fig 4, both
“K" and “D” ODN significantly increased the number of PBMC triggered to secrete IFNy
(p<0.05). In contrast, animals immunized with alum-adsorbed HKLV alone showed no
increased |IFNg production when compared to unimmunized controls.

Unvaccinated

HKLV + ALUM p<0.05
p<0.05

HKLV + ALUM + D ODN

HKLV + ALUM + K ODN

"

0 5 10 15 20 25 30 35
IFN~ secreting cells per 10° PBMC

Figure 4 IFNy production by PBMC from macaques immunized with alum-adjuvanted
HKLV plus ODN.

Rhesus macaques were immunized and boosted with 250 ug of HKLV-alum alone
(N=6), or combined with 500 ug of a mixture of “D”(D19, D29 and D35) (N=5) or “K” (K3
and K123) (N=5) ODN. PBMC from these animals were incubated with 25 ug of
Leishmania antigen and analyzed in vitro for IFNy production by ELISPOT assay.
Animals immunized with HKLV plus “K” or “D” ODN had significantly more IFNy
secreting cells than unvaccinated controls as determined by a one way ANOVA (p
<0.05).

The critical measure of an antigen/adjuvant combination is its ability to induce
protective immunity. Vaccinated animals were therefore challenged with 107 L. major
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metacyclic promastigotes. Animals vaccinated with HKLV-alum alone developed typical
cutaneous lesions with a peak surface area of 300 + 60 mm? 26 days after challenge
(Fig 5). Monkeys vaccinated with HKLV-alum plus “K” ODN developed lesions of similar
size, although the peak lesion formation was slightly delayed. Animals immunized with
HKLV-alum plus “D” ODN had significantly smaller lesions (maximal size 80 + 13 mm?,
p<0.05), consistent with a reduced parasite burden (24).
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-4 HKLY alone

Fig 5 Cutaneous lesions in macaques vaccinated with alum-adjuvanted HKLV plus
ODN.

Rhesus macaques were primed s.c. with 250 ug of alum-adjuvanted HKLV alone
(N=6) or combined with 500 pg of a mixture of ODN (D19, D29 and D35, N=5) or (K3
and K123, N=5) and boosted 4 weeks later. On wk 14, the monkeys were challenged
with 10" metacyclic promastigotes. The average size of the lesions on the forehead (the
site of challenge) is shown as the mean area (caiculated as mean diameter/2)? x pi).
Note that macaques immunized with HKLV plus “D"ODN had significantly smaller
lesions (p<0.01).

E. Use of CpG ODN to improve antrax vaccination

1. Introduction
Based on the results presented in section “D”, we examined whether CpG ODN
could improve the rapidity and titer of the protective immune response elicited by AVA,
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the licensed anthrax vaccine. Towards that end, immunization in 3 animal models
(mice, guinea pigs and rhesus macaques) was examined.

2. CpG ODN improve the immunogenicity of AVA in mice.

A/J mice were immunized with increasing doses of AVA + 20 ug of CpG ODN (a
safe and biologically active dose of ODN (26)). As the dose of vaccine was increased,
animals co-immunized with CpG ODN rapidly generated significantly higher titers of IgG
anti-PA Abs than mice immunized with AVA alone (p < .01, Fig 6). Mice vaccinated with
>8 ug of AVA + CpG ODN were challenged one week later with >100 LD, of spores
from the non-encapsulated Sterne strain of B anthracis. A significantly greater fraction
of mice immunized with AVA + CpG ODN survived challenge (29/39, 74%) than those
immunized with AVA alone (12/46, 26%, p <.01) or AVA + control ODN (2/12, 17%, p
<.01).

‘:G__.z 20,000 - *
<C 15,000 -
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= 10,000 -
©
(D 5000 -
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25 25 200
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Fig 6 CpG boost the immunogenicity of AVA in mice

Ten A/J mice/group were immunized with AVA alone (s) or combined with CpG
ODN (=). Serum IgG anti-PA titers were measured on day 14.
* Significantly greater than AVA alone, p <.05.

3. CpG ODN improve the survival of AVA vaccinated guinea pigs.

To confirm and extend these findings, a guinea pig challenge model was employed
(27). Normal guinea pigs succumb rapidly to challenge by 50 LD, of encapsulated
Ames strain anthrax spores (Table V). Immunization and boosting with AVA alone
improves their survival rate, although most animals still die from infection (Fig 2). By

13



comparison, 75% of animals immunized and boosted with AVA + CpG ODN survive
challenge (p = .05).

Table V Effect of CpG ODN plus AVA on the survival of guinea pigs
challenged with anthrax

# Surviving/total % Surviving

Untreated 1/28 3.6
AVA 15/32 46.9
AVA + CpG ODN 23/31 742

Guinea pigs were immunized on day 0 and boosted on week 4 with 0.5 mi
AVA plus 100 - 300 ug of CpG ODN known to be active in this species. Six
weeks later they were challenged IM with 50 LD., B. anthracis Ames spores.
Percent survival and the number of animals surviving/total is shown.

*  Significantly improved survival compared to animals immunized with AVA
alone, p = 0.05.

4. CpG ODN improve the immunogenicity of AVA in rhesus macaques.

Due to evolutionary divergence in CpG recognition between species, CpG motifs
that are highly active in rodents are poorly immunostimulatory in primates, and vice
versa (19;22;28). Since rhesus macaques and humans respond to the same CpG
ODN, macaques provide an excellent model for examining the adjuvant activity of
ODNs planned for human use (19;29).

In preliminary studies, the combination of CpG ODN with AVA significantly increased
the maximum, average, and long-term IgG anti-PA response of macaques (data not
shown). To confirm these findings, AVA was co-administered with GMP-grade CpG
ODN 7909 (currently undergoing clinical trials for cancer therapy). As seen in Fig
7,administering the normal human dose of AVA with 250 ug of ODN 7909 stimulated on
average a 6-fold higher serum IgG anti-PA response than AVA alone (p. <.001).
Significantly increased anti-PA titers developed within 11 days of vaccination (p. <.05),
consistent with CpG ODN inducing a more rapidly protective response than AVA alone.

IgG anti-PA titer

Weeks post immunization



Fig 7 CpG ODN boost the immunogenicity of AVA in rhesus macaques.

Rhesus macaques (5/group) were immunized s.c. with 0.5 ml + 250 ug of CpG ODN
7909. Results represent the geometric mean IgG anti-PA titer calculated by analyzing
serum from each animal independently at each time point.

*  Significantly higher igG anti-PA titer at that time point, compared to animals
immunized with AVA alone, p <.05.

5. Efficacy of the macaque anti-PA response.

The critical measure of an antigen-adjuvant combination is its ability to induce
protective immunity. In preliminary studies, macaques immunized with AVA plus CpG
ODN mounted a stronger and longer-lasting immune response when “challenged” with
the attenuated Sterne strain of B. anthracis than did animals immunized with AVA alone
(data not shown). Due to restrictions on the use of macaques in lethal anthrax
challenge trials, other methods were used to examine whether protective immunity was
elicited. Measuring the anthrax toxin neutralization capacity of serum provided one
surrogate for protection (30). On day 11 post immunization, serum from macaques
immunized with AVA + 7909 had 17-fold greater toxin neutralizing activity than serum
from animals immunized with AVA alone ( 434 + 209 vs 25 + 5, p <.03). More dramatic
evidence of protection was obtained by transferring serum from immunized macaques
to A/J mice. Ninety percent of the recipients of pre-immune serum or serum from AVA
immunized macaques succumbed to challenge by B. Anthracis Sterne strain spores
(Fig 8). By comparison, serum from macaques 11 days post immunization with AVA
plus CpG ODN protected nearly half of recipient mice from >30 LD,, of Sterne strain
spores (p. <.03).
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Fig 8 Serum from macaques immunized with CpG ODN plus AVA protect naive mice
from anthrax spore challenge.
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Pre-immune serum (©), and serum collected 11 days after vaccination of rhesus
macaques with AVA alone (+) or combined with CpG ODN () was pooled and injected
I.p. into A/J mice (0.1 ml serum/recipient). The following day, mice were challenged
with 50 - 60 LD, of Sterne strain anthrax. The combined results of two independent
experiments involving 10 recipients/treatment/experiment are shown.

6) KEY RESEARCH ACCOMPLISHMENTS

1) We determinedthe number, type and location of CpG motifs within an ODN that
optimally stimulate the production of Ig and cytokines by human PBMC.

2) We demonstrated that K and D type CpG ODN differentially activate PBMC from
humans, and that this pattern of reactivity is mirrored in the response of rhesus
macaques.

3) We showed that same classes of CpG ODN that stimulated human PBMC in vitro
were active in rhesus monkeys in vivo. These ODN were shown to act both as immune
adjuvants and to provide protection against infection by Leishmania.

4) We established for the first time that CpG ODN designed for human use could protect
non-human primates from infectious challenge (using a leishmania model and rhesus
macaques).

5) We documented that CpG ODN could act as adjuvants when combined with both
HKLV and AVA vaccines. The combination of CpG ODN plus vaccine resulted in higher
antigen-specific antibody titers, and improved protection, in mice, guinea pigs and
rhesus macaques.

7) REPORTABLE OUTCOMES

A) Manuscripts

1) Takeshita S, Takeshita F, Haddad DE, Ishii K and Klinman DM: CpG
oligodeoxynucleotides induce murine macrophages to up-regulate expression of
chemokine mRNA. Cell Immunol 15:101, 2000.

2) Stan AC, Casares S, Brumeanu, T, Klinman DM and Bona CA: CpG motifs of DNA
vaccines induce the expression of chemokines and MHC class || molecules on
myocytes. Eur J Immunol 31:301, 2001.

3) Takeshita F, Leifer CA, Gursel |, Ishii KJ, Takeshita S, Gursel M and Klinman DM:

Cutting Edge: Role of toll-like receptor 9 in CpG DNA-induced activation of human cells.
J Immunol 167:3555, 2001.
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4) Verthelyi D, Kenney RT, Seder RA, Gam AA, Friedag B, Klinman DM: CpG
oligodeoxynucleotides as vaccine adjuvants in primates. J Immunol. 168:1659, 2002.

5) Gursel M, Verthelyi D, Gursel |, Ishii KJ, Klinman DM. Differential and competitive
activation of human immune cells by distinct classes of CpG oligodeoxynucleotide. J
Leukoc Biol. 71:813, 2002.

6) Klinman DM, Ishii KJ, and Gursel I: Immunoprotective Activity of CpG
Oligonucleotides._Microbial DNA and Immune Modulation. Humana Press.Totowa, NJ.
Ed. Raz, E. p. 255, 2002.

7) Klinman DM, Takeshita F, Gursel |, Leifer C, Ishii KJ, Verthelyi, D, Gursel M. CpG
DNA: Recognition by and activation of monocytes. Microbes and Infection 4:897, 2002.

8) Verthelyi D and Klinman DM: CpG Oligonucleotides: Safety Considerations.
Microbial DNA and Immune Modulation. Humana Press. Totowa, NJ. Ed. Raz, E. p.
385, 2002.

9) Ishii KJ, Takeshita T, Gursel I, Gursel M, Conover J, Nussenzweig A and Klinman
DM: Potential role of phosphatidylinositol 3 kinase, rather than DNA-dependent protein
kinase, in CpG DNA-induced immune activation. J Exp Med 196:269, 2002.

10) Kojima Y, Xin KQ, Ooki T, Hamajima K, Oikawa T, Shinoda K, Ozaki T, Hoshino Y,
Hounai N, Nakazawa M, Klinman DM and Okuda K. Adjuvant effect of multi-CpG
motifs on an HIV-1 DNA vaccine. Vaccine 26:2857, 2002.

11) Rhee EG, Mendez S, Shah JA, Wu CY, Kirman JR, Turon TN, Davey DF, Havis H,
Klinman DM, Coler RN, Sacks DL and Seder RA. Vaccination with heat-killed
leishmania antigen or recombinant leishmanial protein and CpG oligodeoxynucleotides
induces long-term memory CD4+ and CD8+ T cell responses and protection against
leishmania major infection. J Exp Med. 195:1565, 2002.

12) Gursel M, Verthelyi D and Klinman DM. CpG oligonucleotides induce human
monocytes to mature into functional dendritic cells. Eur J Immunol. 32:2617, 2002.

13) Verthelyi D, gursel M, Kenney KT, Lifson JD, Liu S, Mican J and Klinman DM. CpG
oligodeoxynucleotides protect normal and SiV-infected macaques from Leishmania
infection. J. Immunol. 170;4717, 2003.

14) Klinman DM. CpG DNA as a vaccine adjuvant. Expert Rev. Vaccines 2:305, 2003.

15) Leifer C, Verthelyi D and Klinman DM. Human Response to Immunostimulatory
CpG Oligodeoxynucleotides. J Immunotherapy. (In Press).
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16) Klinman DM and Currie D. Hierarchical recognition of CpG motifs in
immunostimulatory oligodeoxynucleotides. Clin Exp Immunol (In press).

B) Oral Presentations

1) Speaker, “Immunostimulatory and immunosuppressive activity of DNA” LFKRI, New
York, NY, 2001.

2) Speaker, “Immunoprotective activity of CpG Oligonucleotides”, 2™ Annual
Symposium on the Immunology of Infectious Disease, USUHS, Bethesda, MD, 2001.

3) Speaker, “CpG ODN induce protection against biothreat pathogens”, 2™ International
Symposium on CpG Oligos, Ameilia Island, FL, 2001.

4) Speaker, “CpG adjuvant activity”, Vaccines of the future: from rational design to
clinical development. Paris, France, 2001.

) Speaker, “Role of CpG stimulatory and inhibitory motifs in innate and cognate
immune responses”, Keystone Symposium, Breckenridge, CO. 2002.

6) Speaker, “CpG Oligonucleotides as Immune Adjuvants”, IMV 2002 Vaccine
Conference, Prague, Czechoslovakia

7) Co-chairman and speaker, “Innate immunity Session”, Trudeau Institute Symposium
on Immunity to Viral Infections, Saranac Lake, NY, 2002.

8) Speaker, “Induction of protective immune responses by CpG oligodeoxy-
nucleotides”, Biodefense: Research, Technologies and Applications, McLean, VA 2002.

9) Speaker, “Suppressive Oligonucleotides regulate CpG Induced Immune Activation”,
6™ NIH Symposium on Therapeutic Oligonucleotides. Bethesda, MD 2002.

10) Chairman, Workshop on “Evaluating Nucleic Acid Based Vaccines”, 7" Symposium
on Regulatory and Analytical Sciences, San Francisco, CA 2003.

11) Plenary Lecture, “Science Based Regulation of DNA Vaccines”, 7" Symposium on
Regulatory and Analytical Sciences, San Francisco, CA 2003.

12) Lecture, “Use of CpG Oligonucleotides for Biodefense”, University of Texas Medical
Branch, Galveston, Tx, 2003
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C) Patents or patent applications

1) Use of Sterically Stabilized Cationic Liposomes to Efficiently Deliver CpG
Oligonucleotides in vivo DHHS Reference No. E-215-01/0.

2) Novel Method for Rapidly Generating Mature Dendritic Cells from Peripheral Blood
Monocytes and Myeloid Precursors DHHS Reference No. E-214-01/0

3) Method of Treating and Preventing Infections in Immunocompromised Subjects with
Immunostimulatory CpG Oligonucleotides DHHS Reference No. E-153-02/0.

4) Multiple CpG Oligodeoxynucleotides and their Use to Induce and Immune Response.
DHHS Reference No. E-078-00/1.

8) CONCLUSIONS

Studies conducted over the past two years as part of this project focused on
identifying CpG ODN that strongly activate human PBMC in vitro, and showing that
these ODN have activity in vivo in non-human prlmates Results of this work clarified
the rules governing CpG recognition by cells expressnn Toll-like receptor 9, facilitating
the development of optimally stimulatory CoG ODN. They also led to the synthesis of
CpG ODN mixtures that strongly stimulate PBMC from virtually all human and rhesus
donors tested.

Results of in vivo studies documented that optimized ODN mixtures activate the
immune system of rhesus monkeys. As stand alone agents, we found that CpG ODN
significantly increased host resistance to leishmania challenge, the first example of such
protection in primates. Of equal importance, we established that CpG ODN (both the
ODN mixtures described above and GMP-grade ODNs currently undergoing human
clinical testing) could boost the immune response to a co-administered vaccine.

Studies involving the HKLV vaccine showed that CpG ODN improved protection in a
relevant primate model, while studies involving AVA showed that CpG ODN increased
pathogen-specific Ab production and protection in mice, guinea pigs and rhesus
macaques. Both the speed and the magnitude of these protective responses were
significantly boosted by CpG ODN co-administration. These results suggests that
combining CpG ODN with AVA could accelerate the development of protective immunity
in individuals are risk of exposure to anthrax. No severe adverse events were
observed in any of the CpG ODN treated primates. These findings form the basis for an
IND recently submitted to the FDA requesting permission to initiate a phase | clinical
trial of AVA plus CpG ODN to improve the induction of protective immunity against
anthrax.
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CpG Oligodeoxynucleotides Protect Normal and SIV-Infected
Macaques from Leishmania Infection’

Daniela Verthelyi,>** Mayda Gursel,* Richard T. Kenney,' Jeffrey D. Lifson,* Shuying Liu,*
Joan Mican,® and Dennis M. Klinman*

Oligodeoxynucleotides containing CpG motifs (CpG ODNs) mimic microbial DNA and activate effectors of the innate immune
response, which limits the spread of pathogens and promotes an adaptive immune response. CpG ODNs have been shown to
protect mice from infection with intracellular pathogens. Unfortunately, CpG motifs that optimally stimulate humans are only
weakly active in mice, mandating the use of nonhuman primates to monitor the activity and safety of “human” CpG ODN:s in vivo.
This study demonstrates that CpG ODN treatment of rhesus macaques significantly reduces the severity of the lesions caused by
a challenge with Leishmania. Leishmania superinfection is common in immunocompromised hosts, particularly those infected with
HIV. This study shows that PBMCs from HIV-infected subjects respond to stimulation with CpG ODNs. To determine whether
CpG ODNs can protect retrovirus-infected primates, SIV-infected macaques were treated with CpG ODNs and then challenged
with Leishmania. Both lesion size and parasite load were significantly reduced in the CpG-treated animals. These findings support
the clinical development of CpG ODNs as immunoprotective agents in normal and HIV-infected patients. The Journal of Im-

munology, 2003, 170: 4717-4723.

expressed by infectious microorganisms serves to limit the

early spread of a pathogen while promoting the develop-
ment of Ag-specific immunity (1). Unmethylated CpG motifs
present at high frequency in bacterial but not vertebrate DNA are
recognized by Toll-like receptor 9 expressed by B cells and plas-
macytoid dendritic cells (DCs)* (2-4). The interaction of Toll-like
receptor 9 with CpG motifs triggers an immune cascade, resulting
in improved Ag uptake/presentation by APCs and the secretion of
polyreactive Ig, chemokines, and cytokines by B cells, NK cells,
DCs, and monocytes (5, 6). Synthetic oligodeoxynucleotides
(ODNs) expressing CpG motifs mimic the immunostimulatory ac-
tivity of bacterial DNA (7).

There is considerable interest in developing novel agents that
improve host resistance against infectious microorganisms. Stud-
ies in murine models indicate that CpG ODNS facilitate host clear-

" ance of infectious pathogens such as Leishmania, Listeria, and

S timulation of the innate immune system by determinants

*Section of Retroviral Immunology and "Division of Bacterial, Parasitic, and Aller-
genic Products, Center for Biologics Evaluation and Research, Food and Drug Ad-
ministration, Bethesda, MD 20892; *AIDS Vaccine Program, Science Applications
International Corp., National Cancer Institute, Frederick, MD 21702; *Laboratory of
Immunoregulation, National Institute of Allergy and Infectious Diseases, National
Institutes of Health, Bethesda, MD 20892

Received for publication October 18, 2002. Accepted for publication February
25, 2003.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

! This work was supported in part by Military Interdepartmental Purchase Request
MMB8926. This project has been funded in part with federal funds from the National
Cancer Institute and the National Institutes of Health under Contract NO1-CO-12400.
The assertions herein are private ones from the authors and are not to be construed as
official or as reflecting the views of the Food and Drug Administration.

2 Current address: Division of Therapeutic Proteins, Center for Biologics Evaluation
and Research, Food and Drug Administration, Bethesda, MD 20892.

3 Address correspondence and reprint requests to Dr. Daniela Verthelyi, Building
29A, Room 3B19, 8800 Rockville Pike, Bethesda, MD 20892. E-mail address:
Verthelyi@cber.fda.gov

4 Abbreviations used in this paper: DC, dendritic cell; ODN, oligodeoxynucleotide;
i.d., intradermally.

Copyright © 2003 by The American Association of Immunologists, Inc.

Francisella tularensis (3—11). Protection is observed even in T
cell-depleted immunodeficient mice, raising the possibility that
CpG ODNs might also help immunocompromised patients resist op-
portunistic infections (9). Exploration of this issue using murine mod-
els is of limited value, however, because the precise CpG motifs that
are most active in rodents are poorly immunostimulatory in primates
(due to evolutionary divergence in CpG recognition) (12-14).

Two types of CpG ODN:s that activate PBMCs from human and
nonhuman primates have been identified (14-16). “D” type ODNs
trigger plasmacytoid DCs to secrete IFN-a (17), monocytes to ma-
ture into functionally active DCs (18), and NK cells to secrete
IFN-v (14, 17), whereas “K” type ODNs primarily stimulate B cells
and monocytes to proliferate and secrete IgM, IL-10, and IL-6 (15,
17). To date, the ability of these ODNs to stimulate immune cells
from immunocompromised donors or to provide protection in vivo in
a relevant challenge model has not been examined.

HIV-infected patients have multiple defects in immune reactiv-
ity, reflecting a loss in the number and/or function of CD4* T
cells, NK cells, macrophages, and DCs (19-22). These defects
increase their susceptibility to opportunistic infections, which in
turn accelerates the course of AIDS (23). One such opportunistic
pathogen is Leishmania (24). Leishmaniasis is a protozoan infec-
tion that causes skin lesions ranging in size from small spontane-
ously healing papules to large mutilating ulcers (24). The course of
infection is influenced by the nature of the host’s immune re-
sponse, with Thl-type immunity (high levels of IFN-vy) being as-
sociated with reduced parasite load and smaller lesions, whereas
Th2-type immunity (increased IL-10) favors more severe disease.
HIV-infected patients are more susceptible to infection and typically
develop the more aggressive visceral form of the disease (25).

The current study was undertaken to determine whether PBMCs
from immunocompromised, retrovirus-infected primates can re-
spond to D and K CpG ODNs. The protective activity of CpG
ODNSs in Leishmania-infected rhesus macaques was then exam-
ined (26). Results indicate that CpG ODNs enhance host resistance
to infectious challenge by Leishmania, even when the subject is
immunosuppressed. '

»
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Materials and Methods
Oligodeoxynucleotides

ODNSs were synthesized by the Center for Biologics Evaluation and Re-
search Core Facility. Sequences used were as follows (phosphorothioate
bases in uppercase and phosphodiester bases in lowercase): D19, GGtg
catcgatgcagGGGGG; D35, GGtgceatcgatgeaggggGG; D29, GGtgeaccgptg
cagGGGGG; K3, ATCGACTCTCGAGCGTTCTC; K123, TCGTTTGT
TCT; and K23, TCGAGCGTTCTC. Control ODNs included D122
(GGtgcattgatgcagGGGGG) and K163 (TGCAGGCTTCTC). All ODNs
had <0.1 endotoxin U of endotoxin per milligram of ODN as assessed by
a Limulus amebocyte lysate assay (QCL-1000; BioWhittaker, Walkers-
ville, MD). Previous studies from our lab have shown that individual hu-
mans and monkeys vary in their responses to specific K and D sequences.
Indeed, no single D or K motif is optimally stimulatory in all donors (27).
However, mixtures of ODNs were identified that strongly stimulated
PBMCs from all human donors (15, 27). These D or K ODN mixtures
were used in our in vivo studies in macaques.

Human PBMCs

Buffy coats from healthy blood donors were obtained from the National
Institutes of Health Department of Transfusion Medicine. PBMCs from
HIV-infected subjects were obtained from the Infectious Diseases Section
of the Department of Transfusion Medicine at the National Institutes of
Health Blood Bank and from the National Institute of Allergy and Infec-
tious Diseases (National Institutes of Health) after appropriate consent.
Their clinical characteristics are summarized in Table L.

Rhesus macaques

Healthy 3-year-old rhesus macaques (Macaca mulata) were obtained from
the Food and Drug Administration colony in South Carolina. All studies
were Institutional Animal Care and Use Committee approved and were
conducted in an American Association for the Accreditation of Laboratory
Animal Care accredited facility. Animals were monitored daily by veteri-
narians. No systemic or local adverse reactions to CpG ODNs were ob-
served. Treatments were administered and peripheral blood samples ob-
tained from ketamine-anesthetized animals (10 mg/kg, Ketaject; Phoenix
Pharmaceuticals, St. Joseph, MD).

Mononuclear cell preparation

Mononuclear cells were isolated by density gradient centrifugation of
PBMCs over Ficoll-Hypaque as described (14). Cells were washed three
times and cultured in RPMI 1640 supplemented with 10% heat-inactivated
FCS, 1.5 mM vr-glutamine, and 100 U/ml penicillin/streptomycin at 5 X
10° cells/well in the presence of 1-3 uM ODN. Supernatants were col-
lected after 72 h and tested by ELISA for cytokine and Ab levels.

Macaque treatment groups and protocol

Study no. 1. Eighteen healthy rhesus macaques (six per group) were
challenged on the forehead on day O with 107 Leishmania amazonensis
(PHS). metacyclic promastigotes intradermally (i.d.) as previously de-
scribed (15, 28). Three days before and 3 days after challenge, 500 ug of
a mixture of K or D ODNs was administered i.d. at the same site. Control
monkeys (n = 6) received saline. Animals developed a typical self-limited
lesion in situ, characterized by erythema, induration, and ulceration. Lesion
size, which reflects the severity of infection, was measured weekly in a
blinded fashion.

IMMUNE PROTECTION OF PRIMATES BY CpG ODN

Study no. 2. Fourteen rhesus macaques chronically infected with SIV-
mac239 were obtained by transfer to the current study after completion of
a separate research protocol fully described by Lifson et al. (29). Six
healthy macaques were included in the study as controls. The macaques
were superinfected with 107 L. major metacyclic promastigotes i.d. Three
days before and 3 days after infection, they were treated i.d. with 250 ug
of D (n = 4) or K (n = 4) ODNEs at the site of challenge. Healthy monkeys
treated with saline (n = 6) and SIV-infected monkeys that received control
ODN (n = 3) or saline (n = 3) served as controls. Lesion size and SIV
viremia were measured weekly. Three monkeys (one from control ODN
and two from K-treated groups) were euthanized during the study due to
weight loss and/or uncontrollable diarrhea. On day 56, the lesions were
biopsied, the surviving animals were euthanized, and the local and sys-
temic parasitic load was measured.

Parasite strains

L. amazonensis promastigotes (PH8) were grown in medium 199 supple-
mented with 20% FCS, 0.1 mM adenine (Life Technologies, Gaithersburg,
MD), 25 mM HEPES (Life Technologies), 5 g/ml hemin (Sigma-Aldrich,
St. Louis, MO), 1 g/ml biotin (Life Technologies), and Pen/Strep/L-glu-
tamine (Life Technologies). L. major clone V1 promastigotes (MHOM/
IL/80/Friedlin) were grown at 26°C in the same medium. Infective-stage
metacyclic L. major promastigotes were isolated from 4- to 5-day-old sta-
tionary cultures by negative selection using peanut agglutinin (Vector Lab-
oratories, Burlingame, CA), whereas infectious L. amazone»ssis promastig-
otes were purified by negative selection using mAb D5, as previously
described (28, 30). In challenge experiments, 107 purified metacyclic pro-
mastigotes suspended in RPMI 1640 were injected i.d. into the forehead of
macaques (15).

.

Parasite load

Parasite load was estimated as described (28). Briefly, 2-mm? biopsies
were taken, treated with 1 mg/ml collagenase A (Sigma-Aldrich) for 2 h at
37°C, homogenized, filtered, and serially diluted in a 96-well fiat-bottom
microtiter plate containing biphasic medium, prepared using 50 ul of NNN
medium containing 30% defibrinated rabbit blood and overlaid with 50 ul
of M199/S. The number of viable parasites in each lesion was determined
from the highest dilution at which promastigotes could be grown out after
7 days of incubation at 26°C. The total number of parasites in the lesion
was obtained by multiplying the number of parasites in the biopsy by the
area of the lesion.

Antibodies

Ab pairs that recognize both human and macaque IL-6 (R&D Systems,
Minneapolis, MN), and IFN-a (PBL Biomedical Laboratories, New Bruns-
wick, NJ) were used in ELISA. Abs specific for human (Endogen, Woburn,
MA) or macaque (Bender MedSystems, Vienna, Austria; Mabtech, Stock-
holm, Sweden) were used to measure IFN-vy.

ELISA

Ninety-six-well microtiter plates (Millipore, Bedford, MA) were coated
with anti-cytokine Ab and blocked with PBS-5% BSA (12). Culture su-
pernatants were added, and their cytokine content was quantitated by the
addition of biotin-labeled anti-cytokine Ab followed by phosphatase-con-
jugated avidin and phosphatase-specific colorimetric substrate. Standard
curves were generated using known amounts of recombinant human cyto-
kine. All assays were performed in triplicate. When supernatants from

Table I.  Characteristics of HIV-infected PBMC donors
<200 CD4* T Cells 200-500 CD4* T Cells >500 CD4* T Cells

n 9 17 17
Age 402 39=x1 37x2
Race (white/black/Hispanic) 4/4/1 13/4/1 87112
Gender (male/female) 8/0 1572 17/0
CD4* T Cells 257 317 £ 20 735 * 67
% CD4* T Cells 3x1 21+19 31%3
Viral load 27,000 = 50,000 1,828 * 29,000 663 * 330
Viral load range ND-75,000 ND-500,000 ND-35,000
% CD56"/CD16 cells 9+2 831 56 1.6
% CD19™" cells 195*5 14+1 9+2
% CD14" cells 19+2 2*1 1563
% on HAART 66 66 80
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HIV/SIV-infected PBMCs were used, 0.02% Triton X-100 was added to
the washing buffer to inactivate the virus.

Cell proliferation assay

A total of 10° PBMCs/well were incubated with 1-3 #M ODN for 68 h,
pulsed with 1 uCi of [*Hjthymidine, and harvested 4 h later. All assays
were performed in triplicate. Intraassay variation was <15%.

Flow cytometry

Cultured cells were washed in cold PBS, fixed, and stained with fluores-
cent-labeled Abs to CD4, CD56, CD16, CD19, B220, CD83, CD86, CD14,
and MHC class II as previously described (18). Samples were washed and
analyzed (20,000--40,000 events) on a FACScan flow cytometer (BD Bio-
sciences, San Jose, CA). The number of DCs was obtained after gating on
monocytes with proper electronic compensation. The data were analyzed
with CellQuest software (BD Biosciences).

Viral load measurements

SIV plasma RNA levels were determined by a real-time RT-PCR assay, as
described (31).

Statistical analysis

Statistically significant differences in cytokine and cell proliferation levels
were determined using a two-tailed nonparametric rank sum test or
ANOVA with Dunnett’s post-test analysis. Spearmann’s correlations were
used to assess the relationship between viral load or number of CD4 T cells
and response to ODNs. Differences in lesion sizes were tested by Friedman
Repeated-Measures Analysis on Ranks with Tukey’s All Pairwise Multiple
Comparison Procedure using Sigma Stat (SPSS, San Rafael, CA). Differ-
ences in parasite load were tested by ¢ test of log-normalized data.

Results
PBMCs from normal and HIV-infected donors respond to
CpG ODNs

Retrovirus infection is associated with a progressive loss of im-
mune function and increased susceptibility to opportunistic infec-
tions. CpG ODNss that activate PBMCs from normal human donors
(14) were assessed for their ability to stimulate cells of the innate
immune system of HIV patients. Consistent with previous reports,
K ODNss preferentially induced cell proliferation and IL-6 produc-
tion in PBMCs from healthy subjects, whereas D-type ODNs stim-
ulated the secretion of IFN-a and IFN-y (Fig. 1). As reported
previously, pure phosphorothioate ODNs (non-CpG K-type con-
trols) induced low-level, sequence-nonspecific cell proliferation.
This phosphorothioate-dependent activation was significantly
lower than that elicited by K ODN (p < 0.05) (5, 32). In addition,
D ODNs, but not K ODNS, triggered the maturation of DCs in
vitro, as characterized by increased expression of CD83 and CD86
(Fig. 2) (18).

PBMC:s from HIV-infected and healthy subjects responded sim-
ilarly to K-type ODNs (Fig. 1), suggesting that B cells and mono-
cytes retained their ability to respond to this form of immune stim-
ulation. Although D-type ODNs induced a significant increase in
cytokine secretion by cells from both donor populations (p <
0.001), the IFN-a and IFN-y response of healthy controls signif-
icantly exceeded that of HIV-infected subjects (p < 0.05 and p <
0.001, respectively; Fig. 1). This reduced responsiveness to D
ODN:s correlated directly with the number of CD4™ T cells among
the HIV-infected donors (p < 0.01; Fig. 3) and inversely with
their viral load (p < 0.05; data not shown). No significant corre-
lation between cytokine production and the number of CD56* NK
cells or CD14* monocytes was observed (data not shown). D
ODNs also maintained their ability to trigger the maturation of
DCs from HIV-infected donors. As seen in the examples in Fig. 2,
the absolute number of mature DCs was lower in the unstimulated
PBMC:s from HIV-infected donors than in normal donors (0.13 +
0.06% vs 0.26 * 0.07%, respectively; p < 0.05; data not shown).
However, treatment with D ODNs increased the number of
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FIGURE 1. Response of human PBMCs to K and D ODNs. PBMCs
from 16 healthy blood donors and 43 HIV-infected subjects were stimu-
lated for 72 h with optimal concentrations of K3 (1 uM), D29 (3 uM),
control K163 (1 uM), or control D122 (3 uM). IFN-a, IFN-v, and IL-6
levels in culture supernatants were determined by ELISA, whereas cell
proliferation was assessed by [*H)thymidine uptake. Note that D ODNs
induce the secretion of IFN-a and IFN-vy, whereas K ODNs induce higher
cell proliferation and IL-6 production. All assays were performed in trip-
licate. Statistical significance was determined by ANOVA of log normal-
ized data. *, p < 0.05; ***, p < 0.001.

CD83*CD86™ cells by ~20-fold (to 2 = 1% vs 6 * 1%, respec-
tively; data not shown) in both groups.

PBMCs from normal and SIV-infected macaques respond to
CpG ODNs

Rhesus macaques provide a useful model for evaluating the activ-
ity of CpG ODNs planned for human use (15, 16, 33, 34). Previous
studies established that PBMCs from these animals respond to the
same D and K ODNSs that activate human PBMCs (15). We com-
pared the responses of PBMCs from 16 immunocompromised
SIV-infected animals to those of 20 healthy macaques. Consistent
with results involving PBMCs from HIV-infected patients,
PBMCs from SIV-infected macaques responded normally to K
ODNs in vitro (Fig. 4). Their IFN-a response to D ODNs, by
comparison, was significantly reduced when compared with PB-
MC:s from healthy controls (p < 0.01; Fig. 4). Moreover, although
healthy macaques responded to D ODNs by secreting IFN-vy, no
detectable IFN-y was detectable in PBMCs from SIV-infected
macaques.

Immunoprotective activity of CpG ODNs in healthy macaques

Previous studies established that CpG ODNs can decrease the
magnitude and duration of Leishmania infection in mice (8, 10,
35). A self-limiting cutaneous L. amazonensis challenge model
was used to evaluate whether CpG ODNs could similarly protect
rhesus macaques (26). Macaques were injected i.d. on days —3 and
3 with 500 ug of CpG OPNs that activate PBMCs from human
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FIGURE 2. D ODNs induce monocytes to differentiate into mature
DCs. Mature DCs (CD83*CD86™) were identified by FACS analysis of
PBMC:s from healthy and HIV-infected subjects. Note that the number of
mature DCs in samples from HIV-infected patients increases 10- to 20-fold
after 72 h of culture with 3 uM D OD.Y. Two representative examples of
six experiments are shown.

and nonhuman primates (15). On day 0, the animals were chal-
lenged at the same site (forehead) with 107 metacyclic L. ama-
zonensis promastigotes. Naive animals developed a cutaneous le-
sion similar to those found in human cutaneous leishmaniasis (26),
with a peak surface area of 4.4 * 0.7 mm? on day 22 (Fig. 5).
Lesion size was significantly reduced among macaques treated
with D-type ODN (p < 0.001; Fig. 5). In contrast, the severity of
Leishmania infection in animals treated with K ODN was not sig-
nificantly different from that of the controls (p = 0.1).
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FIGURE 3. Relationship between CD4™ T cell count and CpG ODN
responsiveness. The response of PBMCs from HIV-infected donors (n =
42) to D (upper two panels) and K (lower two panels) ODNs was stratified
by CD4 T cell count. Data show the fold increase in cytokine production
and proliferation of treated vs unstimulated cells. The correlation coeficient
(CC) and the p value were obtained using Spearman’s Correlations.
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FIGURE 4. Response of PBMCs from SIV-infected and heaithy rhesus
macaques to CpG ODNs in vitro. PBMCs from 16 SIV-infected and 20
healthy macaques were stimulated for 72 h with K, D, or control ODN.
IFN-v, IFN-a, and IL-6 levels in culture supernatants were determined by
ELISA, whereas cell proliferation was assessed by [*H]thymidine uptake.
The detection limit for the assays was 20 pg/ml for IFN-vy, IFN-«, and IL-6.
All assays were performed in triplicate. Statistical significance was deter-
mined by a one-way ANOVA of log normalized data. *, p < 0.05; **x,
p < 0.001.

Immunoprotective activity of CpG ODNs in SIV-infected
macaques

Based on the observation that CpG ODNs retain the ability to
activate PBMCs from retrovirus-infected primates, their ability to
reduce the severity of a Leishmania infection in SIV-infected ma-
caques was examined. Macaques that had been infected >12 mo
earlier with SIVmac239 and that had viral loads ranging from 0.3
to 28 X 10° copies/ml were used in this study. The animals were
stratified based on viral load and then were challenged with L.
major metacyclic promastigotes (MHOM/IL/80/Friedlin). As
shown previously, healthy macaques challenged with L. major de-
veloped cutaneous lesions characterized by erythema, induration,
and ulceration that peaked 25 days after challenge and resolved
within 50 days (Fig. 6A and Ref. 15). Due to their immunosup-
pressed state, the macaques developed severe progressive cutane-
ous lesions that did not resolve. The severity of Leishmania infec-
tion in animals treated with K ODNs was not significantly different
from that of the controls. In contrast, macaques treated with D
ODNs developed significantly smaller lesions, and their infection
did not progress over time (Fig. 6A).

Animals were euthanized on day 56, and their parasite burden
was measured. Monkeys treated with D ODNs had a 35-fold re-
duction in total parasite burden at the lesion site compared with
SIV-infected animals treated with control ODNs or saline (Fig. 65;
p < 0.001). No systemic spread of the parasites was evident in any
of the groups. o
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FIGURE 5. Effect of CpG ODN treatment on cutaneous leishmaniasis.
Macaques (six per group) were treated with 500 ug of a mixture of D
ODN, K ODN, or saline i.d. 3 days before and 3 days after an infectious
challenge with 107 L. amazonensis metacyclic promastigotes. The mean
and SEM of the area of the lesions is shown. Note that macaques treated
with D ODN had significantly smaller lesions (p < 0.05).

Concurrent Leishmania infection can activate the HIV present in
latently infected monocytes and T cells, thereby increasing viremia
(36). Therefore, viral load measurements were conducted in Leish-
mania-infected macaques every 2 wk throughout the study. No
significant change in viral load was evident in any of the groups
(data not shown).

Discussion
CpG ODNs stimulate the innate immune system, thereby improv-
ing the host’s resistance to infectious pathogens. Previous studies
established that mice treated with CpG ODNs could survive oth-
erwise lethal infections by Listeria, Franciscella, and Leishmania
(8—11). Yet the CpG motifs that are highly active in rodents are
poorly immunostimulatory in humans, limiting the utility of mu-
rine models to examine whether CpG ODNSs can protect primates
such as humans (12, 15). This study establishes that K and D CpG
ODNs induce PBMCs from both normal and immunosuppressed
primates to mature, proliferate, and secrete cytokines. Moreover, it
demonstrates that CpG ODNSs enhance the ability of both normal
and immunosuppressed primates to resist pathogen challenge.
HIV infection results in not only a progressive reduction in
CD4" T cells, but also a decrease in the number and functional
activity of NK cells and plasmacytoid DCs as viral load rises (20,
21, 37, 38). Previous studies established that CpG ODNss activated
PBMCs from normal donors; the present work extends that work
to HIV-infected subjects. Although the number of mature DCs in
the peripheral blood of HIV-infected donors is reduced (Fig. 2 and
Refs. 21 and 39), PBMCs from retrovirus-infected humans and
macaques responded to both D and K ODNs. Indeed, the magni-
tude of the response to K ODNs was essentially unaffected by
retroviral infection, although the response to D ODNs was reduced
in HIV- and SIV-infected donors. It is unlikely that the changes in
responsiveness to D ODNs observed in PBMCs from HIV-infected
donors were related to their antiretroviral therapy because 1) no
significant correlation between the CpG response and antiretroviral
therapy was evident and 2) a similar reduction in the response to
D ODNs was evident in untreated SIV-infected monkeys. Despite
the decline in IFN-y and IFN-a response to D ODNs in SIV-
infected macaques, the immune activation induced by these agents
was sufficient to control a superinfection with Leishmania.
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FIGURE 6. Effect of CpG ODN treatment on Leishmania lesions in
SIV-infected monkeys. Macaques infected for >12 mo with SIVmac239
were treated with 250 pg of a mixture of D (n = 4) or K (n = 4) ODN i.d.
3 days before and 3 days after an infectious challenge with 107 L. major
metacyclic promastigotes. Controls include untreated healthy macaques
(n = 6) and SIV-infected macaques treated with either control ODN (n =
3) or saline (n = 3). A, Mean area of the lesions. B, Estimated total parasite
load on day 56 in control vs D ODN-treated, SIV-infected macaques. Note
that macaques treated with D ODN had significantly smaller lesions (p <
0.05) as well as lower parasite loads (p < 0.001).

.

Murine studies established that protection against this parasite
correlated with the production of type 1 cytokines, particularly
IL-12 (40). It was unclear whether CpG ODNs could induce pro-
tection against Leishmania in primates because 1) primates and
rodents respond optimally to different CpG motifs (12, 14) and 2)
primates fail to produce large amounts of IL-12 when treated with
CpG ODNSs (41). Cutaneous infection of macaques with Leishma-
nia provided a means for examining this question, because the
nature, severity, and duration of this infection in macaques and
humans is quite similar (26), and PBMCs from these species re-
spond to the same CpG motifs (Figs. 1 and 4 and Refs. 15 and 28).
As seen in Fig. 5, normal macaques treated with D ODNs devel-
oped significantly smaller lesions than control animals or animals
treated with K ODNss after L. amazonensis infection. D ODN treat-
ment of immunosuppressed SIV-infected monkeys also yielded
protection against cutaneous leishmaniasis, despite their inability
to induce IFN-v, as reflected by smaller lesions and reduced par-
asite load (Fig. 6). Although viceral leishmaniasis rather than cu-
taneous leishmaniasis is of greatest concern in HIV patients, the
reduced lesion size in these animals suggests that CpG treatment
may contribute to the control of intracellular infections in these
patients.

Because D ODNSs excel at stimulating the production of Thl
cytokines and type 1 cytokines inhibit parasite proliferation, it is
not surprising that D ODNs were the most effective at reducing the
pathogenic effects of Leishmania infection (8, 42). In contrast, K
ODNs neither stimulated Thl cytokine production nor had any
significant effect on the onset, magnitude, or duration of the Leish-
mania infection (8, 14, 17, 18). It is likely that functional differ-
ences between D- and K-type ODNs are due to differences in their
structures. K ODNs have a phosphorothioate backbone and opti-
mally contain multiple TCGTT and/or TCGTA motifs. D ODNs
have a mixed phosphodiester/phosphorothioate backbone, contain
a single self-complementary purine/pyrimidine/CpG/purine/py-
rimidine motif, and are capped by a 3’ poly G tail (14). Ongoing
studies suggest that these structural differences are associated with
differences im the recognition, uptake, and/or processing of these
two types of ODN by immune cells (43).
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Over 30 million people are currently infected with HIV world-
wide (44). Recent studies indicate that HIV patients are more sus-
ceptible to leishmaniasis (an estimated 9% of AIDS patients are
co-infected with Leishmania) (45). In addition to the compromised
immune status, HIV infection has been shown to enhance the in-
tracellular growth of Leishmania in macrophages (46), which may
explain why HIV patients tend to develop more aggressive visceral
forms of that disease (45, 46). Leishmanias, in turn, can increase
HIV viral load by activating latently infected monocytes and in-
ducing chronic T cell activation (36). Current studies demonstrate
that type D ODNSs can reduce the severity of Leishmania infections
by 35-fold in immunosuppressed subjects. The persistence of le-
sions even after D ODN treatment suggests that a combination of
CpG ODNs with other antiparasitic agents may be required to cure
this disease. Testing the efficacy of such combinations in both
cutaneous and visceral models of leishmaniasis is an important
goal of future research. Current results document that inducing a
strong innate immune response can reduce host susceptibility to
infection. Thus, CpG treatment may benefit normal individuals at
increased risk of environmental exposure to infectious agents and
may help to reduce the morbidity and mortality of opportunistic
infections among the immunosuppressed. As such, CpG ODNs
(alone or in combination with other agents) may become a valu-
able addition to conventional antiretroviral therapy.
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Synthetic oligodeoxynucleotides (ODN) containing unmethylated CpG motifs act as immune adjuvants in mice, boosting the
humoral and cellular response to coadministered Ags. CpG ODN that stimulate human PBMC are only weakly active in mice.
Thus, alternative animal models are needed to monitor the activity and safety of “human” CpG ODN in vivo. This work dem-
onstrates that rhesus macaques recognize and respond to the same CpG motifs that trigger human immune celis. Coadministering
CpG ODN with heat-killed Leishmania vaccine provided significantly increased protection of macaques against cutaneous Leish-
mania infection. These findings indicate that rhesus macaques provide a useful model for studying the in vivo activity of human
CpG motifs, and that ODN expressing these motifs act as strong immune adjuvants. The Journal of Immunology, 2002, 168:

1659-1663.

ynthetic oligodeoxynucleotides (ODN)* containing un-

methylated “CpG motifs” are broadly immunostimulatory

in mice (1-4). They activate B cells and dendritic cells
(DC), and trigger an immune cascade that includes the production
of cytokines, chemokines, and IgM (1, 2, 5-8). In mice, CpG ODN
boost the protective efficacy of vaccines against bacterial, viral,
and parasitic pathogens (9-14).

Due to evolutionary divergence in CpG recognition between
species, ODN that are highly active in rodents are poorly immu-
nostimulatory in primates, and vice versa (15-17). Extensive stud-
ies involving human PBMC identified two distinct classes of im-
munostimulatory CpG ODN (17, 18). “K” type ODN have
phosphorothioate backbones, encode multiple TCGTT and/or
TCGTA motifs (CpG motif is underlined), trigger the maturation
of plasmacytoid DC, and stimulate the production of IgM and IL-6
(17, 19). “D” ODN have mixed phosphodiester/phosphorothioate
backbones and contain a single hexameric purine/pyrimidine/CG/
purine/pyrimidine motif flanked by self-complementary bases that
form a stem-loop structure capped at the 3’ end by a poly G tail
(17). D ODN trigger the maturation of APC and preferentially
induce the secretion of IFN-« and IFN-y (Refs. 17 and 18 and M.
Gursel, unpublished observations).

There is considerable interest in evaluating the safety and ac-
tivity of CpG ODN planned for human use in a relevant animal
model. Although Davis and colleagues (20-22) showed that K
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ODN increased the seroconversion rate and Ab response of oran-
gutans and aotus monkeys immunized with hepatitis B vaccine and
malaria proteins, that group was unable to document improved
protection against infection by challenge studies. Moreover, no
studies have compared the activity of K ODN with the recently
discovered D class of ODN in primates.

This work examines ‘whether rhesus macaques provide a useful
model for assessing the activity of CpG ODN in vivo. In vitro
studies established that PBMC from rhesus macaques responded to
the same panel of K and D ODN that were highly active on human
PBMC. Building on results from murine studies (23, 24), CpG
ODN were coadministered with a mixture of OVA plus alum. The
ODN significantly boosted the Ag-specific IgG response of ma-
caques, with D being superior to K ODN. A cutaneous Leishmania
infection model was used to examine whether CpG ODN could
boost protective immunity in primates. The nature, severity, dura-
tion, and histopathology of the cutaneous disease caused by Leish-
mania major in macaques is quite similar to that in humans (25,
26). Results indicate that D ODN significantly improve the pro-
tection conferred by coadministered heat-killed Leishmania vac-
cine (HKLV).

Materials and Methods

Rhesus monkeys

Healthy 3-year-old female rhesus macaques (Macaca mulatta) were ob-
tained from the Food and Drug Administration colony in Morgan Island,
SC. All studies were approved by the Center for Biologics Evaluation and
Research Animal Care and Use Committee, and were conducted in an
American Association for the Accreditation of Laboratory Animal Care-
accredited facility. Animals were monitored daily by veterinarians. No sys-
temic or local adverse reactions to CpG ODN, OVA, or HKLV immuni-
zations were observed. Treatments were administered and peripheral blood
samples obtained from ketamine-anesthetized animals (10 mg/kg, Ketaject;
Phoenix Pharmaceuticals, St. Joseph, MD).

Vaccination groups and protocol

Two in vivo studies were conducted: 1) three monkeys per group were
immunized s.c. and boosted 12 wk later with a mixture of 4 ug of OVA,
250 pg of ODN, and 125 ug of alum (Rehydragel HPA; Reheis, Berkeley
Heights, NJ); 2) five to six monkeys per group were immunized s.c., and
boosted 4 wk later with 250 ug of GMP-grade HKLV (Biobras, Montes
Claros, Brazil) plus 125 pg of alum, as previously described (27). The
HKLV was administered alone, or combined with 500 ug of ODN. Pre-
liminary studies established that this dose of ODN was active in vivo and
well-tolerated. Animals were exposed to nonviable Leishmania amazonen-
sis metacycle promastigotes on wk 8, a treatment that induced no disease
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and no change in Ab titer or proliferative response to Leishmania Ags
when compared with control animals. Animals were challenged on tl}e
forehead on wk 14 with 107 viable L. major (W HOM/IR/-/173) meta.cyf:hc
promastigotes intradermally. The monkeys developed a typical §elf-lnm1.ted
in situ lesion characterized by erythema, induration, and ulceration. Lesion
size, which reflects the severity of infection (25, 26), was measured

weekly.
Oligodeoxynucleotides

ODN (Table I) were synthesized by the Center for Biologics Evaluation
and Research Core Facility. All ODN had <0.1 EU of endotoxin per mil-
ligram of ODN as assessed by a Limulus amebocyte lysate assay (QCL-
1000; BioWhittaker, Gaithersburg, MD).

Mononuclear cell preparation

Human and monkey mononuclear cells were isolated by density gradient
centrifugation of PBMC over Ficoll-Hypaque as described (17). Cells were
washed three times and cultured in RPMI 1640 supplemented with 10%
heat-inactivated FCS, 1.5 mM L-glutamine, and 100 U/ml penicillin/strep-
tomycin at 5 X 10° cells/well in the presence of 3 uM ODN. Supernatants
were collected after 72 h and tested by ELISA for cytokine and Ab levels.

ELISA

Ninety-six-well microtiter plates (Millipore, Bedford, MA) were coated
with Abs that cross-reactively recognized human and macaque IL-6 (R&D
Systems, Minneapolis, MN), IFN-a (PBL Biomedical Laboratories, New
Brunswick, NJ), and IgG (Boehringer Mannheim, Mannheim, Germany).
The plates were blocked with PBS-5% BSA (17). Culture supernatants
from PBMC cultures were added, and their cytokine content quantitated by
the addition of biotin-labeled anti-cytokine Ab followed by phosphatase-
conjugated avidin and phosphatase-specific colorimetric substrate. Stan-
dard curves were generated using known amounts of recombinant human
cytokine or purified Ig. All assays were performed in triplicate. Titers of
Abs to OVA in sera were assayed on OVA-coated plates.

ELISPOT

The number of PBMC secreting IFN-7y in response to soluble Leishmania
Ag (SLA) was determined by ELISPOT as described (28). Briefly, Milli-
pore 96-well filtration plates (Millipore, Bedford, MA) were coated over-
night at 4°C with 1 pug/ml of anti-human IFN-y Abs (clone GZ4; Alexis,
San Diego, CA) in PBS and then blocked with PBS-5% BSA for 2 h. The
plates were overlaid with 5 X 10° cells/well (1-2 series per monkey) and
incubated at 37°C in a humidified 5% CO, in air incubator for 18 h in the
presence of 25 ug of SLA. The plates were then washed with water-
0.025% Tween and overlaid with biotin-conjugated anti-human IFN-vy
(clone 76-B-1; Mabtech, Nacka, Sweden). After 2 h, the plates were
washed again and then overlaid with alkaline phosphatase-conjugated
streptavidin. Spots were visualized by the addition of 5-bromo-4-chloro-
3-indolyl phosphate (Kirkegaard & Perry Laboratories, Gaithersburg, MD)
and counted using the KS ELISPOT Imagine System (Carl Zeiss,
Thornwood, NY).

Cell proliferation assay

A total of 10° PBMC/well were incubated with 3 uM of ODN for 68 h,
pulsed with 1 uCi of [*H]thymidine and harvested 4 h later. All assays
were performed in triplicate.

Statistical analysis

Statistically significant differences were determined using a two-tailed non-
parametric ANOVA with Dunnett’s post test analysis. Differences in lesion

Table I. Sequence and backbone of D, K, and control ODN*

ODN Sequences

D19 GGTGCATCGATGCAGGGGGG
D29 GGTGCACCGGTGCAGGGGGG
D35 GGTGCATCGATGCAGGGGGG
D122 GGTGCATTGATGCAGGGGGG
K3 ' ATCGACTCTCGAGCGTTCTC
K123 TCGTTCGTTCTC

K23 TCGAGCGTTCTC

K163 TTGAGTGTTCTC

AA3M GGGCATGCATGGGGGG

“ CpG dinucleotides are underlined. Bases in bold are phosphodiester.

CpG ODN AS VACCINE ADJUVANTS IN PRIMATES

sizes were tested by repeated measures ANOVA using the Proc Mixed
procedure from the statistical analysis system.

Results
Response of PBMC from human and nonhuman primates to K
and D ODN

Previous studies established that human PBMC respond to two
structurally distinct classes of CpG ODN (17). D-type ODN trig-
gered the secretion of IFN-a and IFN-y (17), whereas K ODN
induced human PBMC to proliferate and secrete IL-6 and IgM
(Fig. 1, Ref. 17, and data not shown). Analysis of several hundred
CpG ODN identified several D and K ODN that strongly activated
human PBMC (17). These ODN were tested for their ability to
stimulate PBMC from rhesus macaques.

In this study, the response of rhesus PBMC to D ODN was
evaluated on the basis of IFN-a production. Results show that
macaque PBMC are activated by the same D ODN that stimulate
human PBMC (p < 0.002, Fig. 1). In contrast, neither K ODN, nor
control ODN that are structurally similar to D but lack the critical
CpG dinucleotide have this effect.

Proliferation and IL-6 secretion were used 1o compare the re-
sponse of macaque and human PBMC to K ODN (Fig. 1). PBMC
from both species were stimulated by K ODN to proliferate (p <
0.002) and secrete IL-6 (p < 0.01), whereas controls of the same
structure as K ODN, but lacking the critical CpG motif, failed to
trigger immune stimulation. These findings demonstrate that the
pattern of reactivity of PBMC from rhesus macaques (n = 20) and
humans (n = 8-20) to K and D ODN is quite similar.
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FIGURE 1. Response of primate PBMC to K and D ODN. PBMC from
8-20 normal human donors and 20 rhesus macaques were stimulated for
72 h with 3 uM of K, D, or control ODN (in which the critical CpG motifs
were inverted or replaced with TpG). IL-6 and IFN-a levels in culture
supernatants were determined by ELISA, while cell proliferation was as-
sessed by [*H]thymidine uptake. Note that D ODN induce the secretion of
IFN-a while K ODN induce cell proliferation and IL-6 production. All
assays were performed in triplicate. Statistical significance was determined
by ANOVA of log normilized data. *, p < 0.05; **, p < 0.01.
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Ongoing studies in our lab indicate that individual humans and
monkeys vary in their response to specific K and D sequences.
Indeed, no single D or K motif is optimally stimulatory in all
donors (Ref. 29 and C. Leifer, unpublished observations). How-
ever, mixtures of ODN were identified that strongly stimulated
PBMC from all human donors. These mixtures were tested on
PBMC from macaques and found to be uniformly active (Fig. 2).
Subsequent in vivo studies were conducted with these ODN
mixtures.

Adjuvant activity of CpG ODN in vivo

Previous studies in mice showed that CpG ODN could boost the
immune response to a coadministered protein Ag (such as OVA).
This effect was amplified by adding alum to the mixture of CpG
ODN plus Ag (23, 30, 31). Building on these results, macaques
were immunized and boosted with a mixture of OVA, alum, and
ODN. Animals immunized with mixtures containing D ODN in-
creased their IgG anti-OV A response 470-fold after primary (p <
0.05) and 600-fold after secondary (p < 0.01) immunization (Fig.
3). By comparison, K ODN boosted the IgG Ab response 7-fold
after primary, and 35-fold after secondary immunization when
compared with pretreatment values (p < 0.05). Macaques immu-
nized with OVA plus control ODN generated only a 4-fold in-
crease in anti-OVA titer. These findings indicate that D ODN are
particularly effective at boosting the Ag-specific humoral response
to a coadministered Ag.

Effect of CpG ODN on the immunogenicity and protective
efficacy of HKLV

Previous human clinical trials showed that HKLV was safe, but
poorly immunogenic (26). Building on evidence that HKL.V com-
bined with alum and IL-12 induces short-term protective immunity
in rhesus macaques (27), and that CpG ODN plus alum increased
the immune response to the hepatitis B vaccine in cyalomongus
monkeys (20), we immunized and boosted macaques with a mix-
ture of HKLV, alum, and CpG ODN. PBMC from these animals
were isolated 10 days postboost and restimulated in vitro with
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FIGURE 2. Macaque PBMC respond to CpG ODN mixtures optimized
for human use. PBMC from rhesus macaques (n = 12-20) were stimulated
in vitro for 72 h with a mixture of D19, D29, and D35 (1 uM each) or K3
and K123 (1.5 uM each). D122 and K163 were used in the control ODN
mixture. Levels of IL-6 and IFN-« in culture supernatants were measured
by ELISA, while proliferation was measured by [*H]thymidine uptake.
Statistical significance was determined by ANOVA of the normalized data.
*x p < 0.01.
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FIGURE 3. Antibody titers in macaques immunized with OVA plus
ODN. Macaques (three per group) were immunized s.c. with a mixture of
4 pug of OVA plus 125 ug of alum. A total of 250 ug of D19 + D29, K3
+ K23, or control (AA3 M) ODN was added to this mixture. Monkeys
were boosted with the same material 12 wk later (black arrow). Serum IgG
anti-OVA titers were determined by ELISA. Values represent the geomet-
ric mean titer * SEM. Note that the anti-OVA IgG titers in the group that
rec=ived D ODN are significantly increased over that of OVA plus alum
alore (p < 0.01).

Leishmania Ag for 18 h. As seen in Fig. 4, both K and D ODN
significantly increased the number of PBMC triggered to secrete
[FN-y (p < 0.05). In contrast, animals immunized with alum-
adsorbed HKLV alone showed no increased IFN-y production
when compared with unimmunized controls.

The critical measure of an Ag/adjuvant combination is its ability
to induce protective immunity. Vaccinated animals were therefore
challenged with 107 L. major metacyclic promastigotes. Animals
vaccinated with HKLV-alum alone developed typical cutaneous
lesions with a peak surface area of 300 * 60 mm? 26 days after
challenge (Fig. 5). Monkeys vaccinated with HKLV-alum plus K
ODN developed lesions of similar size, although the peak lesion for-
mation was slightly delayed. Animals immunized with HKLV-alum
plus D ODN had significantly smaller lesions (maximal size 80 = 13
mm?, p < 0.05), consistent with a reduced parasite burden (32).

CpG ODN safety

All animals treated with CpG ODN, either alone or with Ag, re-
mained healthy and active throughout the study. No hematologic

Unvaccinated

HKLV+ALUM p<0.05

HKLV + ALUM + D ODN

HKLV + ALUM + K ODN

IFNg secreting cells per 10° PBMC

FIGURE 4. IFN-y production by PBMC from macaques immunized
with alum-adjuvanted HKLV plus ODN. Rhesus macaques were immu-
nized and boosted with 250 ug of HKLV-alum alone (n = 6), or combined
with 500 ug of a mixture of D (D19, D29, and D35; n = 5) or K (K3 and
K123; n = 5) ODN. PBMC from these animals were incubated with 25 ug
of SLA and analyzed in vitro for IFN-vy production by ELISPOT assay.
Animals immunized with HKLV plus K or D ODN had significantly more
IFN-y-secreting cells than unvaccinated controls as determined by a one-
way ANOVA (p < 0.05).
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FIGURE 5. Cutaneous lesions in macaques vaccinated with alum-adju-
vanted HKLV plus ODN. Rhesus macaques were primed s.c. with 250 ug
of alum-adjuvanted HKLV alone (n = 6) or combined with 500 ug of a
mixture of ODN (D19, D29, and D35; n = 5) or (K3 and K123; n = 5) and
boosted 4 wk later. On wk 14, the monkeys were challenged with 107
metacyclic promastigotes. The average size of the lesions on the forehead
(the site of challenge) is shown as the mean area (calculated as mean
diameter/2 X 7). Note that macaques i.nimunized with HKLV plus D ODN
had significantly smaller lesions (p < 0.01).

or serologic abnormalities were observed 3 days or 9 mo after
injection, and no weight loss or change in behavior was detected
following administration of CpG ODN at therapeutic doses.

Discussion

CpG ODN that activate human immune cells in vitro are only
weakly immunostimulatory in mice. To expedite preclinical testing
of the safety and activity of human ODN requires the identification
of a suitable animal model. This report documents that rhesus ma-
caques provide a relevant model for examining the in vivo activity
of CpG ODN planned for human use. PBMC from macaques mir-
rored the response of human PBMC in their response to both K and
D ODN. At the immunostimulatory doses used in this study, nei-
ther type of ODN triggered any adverse events. In vivo, broadly
immunostimulatory mixtures of K and D ODN boosted Ag-spe-
cific IgG responses in macaques immunized with OVA and in-
creased IFN-y production in animals vaccinated with HKLV. Of
greater importance, D ODN significantly increased the protective
response elicited by a coadministered HKLV vaccine.

Several previous reports examined whether K ODN could act as
immune adjuvants in nonhuman primates (20-22). Studies by
Davis and colleagues (20-22) demonstrated that K ODN boosted
the Ag-specific serum IgG response to alum-adjuvanted hepatitis B
vaccine, and to a peptide from the circumsporozoite protein of
malaria in orangutans and aotus monkeys. This was consistent with
results from earlier studies in mice showing that CpG ODN plus
alum synergize to boost immunity to Ag (23, 30, 31, 33). Yet these
experiments did not establish whether the resulting immune re-
sponse conferred protection against infection. The current experi-
ments confirm that K ODN boost the Ab response to a coadmin-
istered protein (OVA). They further document that D ODN are
significantly more effective in this role, boosting Ab production by
>500-fold over pretreatment levels and >100-fold over OVA plus
alum (Fig. 3).

Cutaneous infection of macaques with L. major provides a
means for testing the protective efficacy of CpG ODN vaccine
combinations. The nature, severity, and duration of the cutaneous
disease caused by L. major in macaques is quite similar to that in
humans (25). The leading Leishmania vaccine candidate (HKLV)
has proven safe but poorly immunogenic in clinical trials (26).

CpG ODN AS VACCINE ADJUVANTS IN PRIMATES

Coadministration of both D and K ODN with this alum-adjuvanted
HKLV vaccine significantly increased the number of PBMC trig-
gered to secrete IFN-y when stimulated with Leishmania Ag in
vitro. However, the critical test of any vaccine/adjuvant combina-
tion is its ability to induce protective immunity. Results show that
the cutaneous lesions of macaques vaccinated with HKLV plus D
ODN were significantly reduced when compared with HKLV-
alum alone. Previous studies established that a reduction in lesion
size correlates with a reduced parasite load (Ref. 32 and R. A.
Seder, unpublished observations). These findings suggest that the
ability of D ODN to stimulate IFN-a and IFN-y production while
promoting the maturation of APC may be particularly useful for
the induction of a protective response against Leishmania (17, 18).

K and D ODN have unique structural properties. Optimally ac-
tive K ODN have a phosphorothioate backbone and express mul-
tiple TCGTT and/or TCGTA motifs. D ODN have a mixed phos-
phodiester/phosphorothioate backbone, express a single self-
complementary purine/pyrimidine/CpG/purine/pyrimidine motif,
and are capped by a 3’ poly G tail. These two types of ODN trigger
human and rhesus PBMC to mount distinct responses. K ODN
stimulate B cells to proliferate and secrete IgM, plasmacytoid DC
precursors to mature and secrete IL-8, and monocytes to produce
IL-6 (Fig. 1 and Refs. 17, 18, 34, and 35). By comparison, D ODN
trigger plasmacytoid DC to produce large amounts of IFN-a, and
directly or indirectly trigger NK cells to secrete IFN-a, and my-
eloid DC to mature (Fig. 1, Refs. 17-19, and M. Gursel, unpub-
lished observations). We postulate that D ODN may be superior
vaccine adjuvants when a Thl-dependent immune response is re-
quired, whereas K ODN may excel at the induction of proinflam-
matory responses.

It is likely that differences in the recognition, uptake, and/or
processing of K and D ODN underlie their distinct functional prop-
erties. It was recently established that Toll-like receptor 9 plays a
critical role in CpG ODN-mediated activation of human and mu-
rine immune cells (35, 36). Using HEK 293 cells transfected with
human Toll-like receptor 9, our lab confirmed that the recognition
of K-type ODN was mediated by this receptor (37). However, our
ongoing studies indicate that these transfected cells do not respond
to D ODN, suggesting that a second type of receptor may be in-
volved in D ODN-mediated immune activation.

Clinical trials exploring the utility of CpG ODN as vaccine ad-
juvants, immunotherapeutic agents, and anti-allergens have been
initiated (38). Current resuits suggest that rhesus macaques may be
a useful model for evaluating the safety and activity of these agents
in vivo. In this context, neither local nor systemic adverse reac-
tions to K or D CpG ODN were detected in any of the animals
studied. Moreover, although K ODN similar to those currently in
human clinical trials were found to be active in vivo, our results
indicate that D may be superior vaccine adjuvants, improving the
humoral response and protective efficacy to certain coadministered
vaccines.

Acknowledgments

We thank Dr. David Sacks for providing the Leishmania parasites and
reviewing the manuscript, Dr. Phil Snoy and Ray Olsen for their care of the
nonhuman primates, Jackie Conover for technical assistance, Dr. Susan
Leitman-Klinman for providing human PBMC, and Dr. Eduardo Romano
for his assistance with the statistical analysis.

References
1. Krieg, A. M., A. Yi, S. Matson, T. J. Waldschmidt, G. A. Bishop, R. Teasdale,
G. A. Koretzky, and D. M. Klinman. 1995. CpG motifs in bacterial DNA trigger
direct B-cell activation. Nature 374:546.
2. Klinman, D. M., A. Yi, S. L. Beaucage, J. Conover, and A. M. Krieg. 1996. CpG
motifs expressed by bacterial DNA rapidly induce lymphocytes to secrete IL-6,
IL-12 and IFNYy. Proc. Natl. Acad., Sci. USA 93:2879.



The Journal of Immunology

17.

18.

20.

21.

. Klinman, D. M., S. Kamstrup, D. Verthelyi, I. Gursel, K. J. Ishii, F. Takeshita,

and M. Gursel. 2000. Activation of the innate immune system by CpG oligode-
oxynucleotides: immunoprotective activity and safety. Springer Semin. Immuno-
pathol. 22:173.

. Wagner, H. 1999. Bacterial CpG-DNA activates immune cells to signal “infec-

tious danger.” Adv. Immunol. 73:329.

. Yamamoto, S., T. Yamamoto, S. Shimada, E. Kuramoto, O. Yano, T. Kataoka,

and T. Tokunaga. 1992. DNA from bacteria, but not vertebrates, induces inter-
ferons, activate NK cells and inhibits tumor growth. Microbiol. Immunol. 36:983.

. Messina, J. P., G. S. Gilkeson, and D. S. Pisetsky. 1991. Stimulation of in vitro

murine lymphocyte proliferation by bacterial DNA. J. Immunol. 147:1759.

. Sparwasser, T., E. Koch, R. M. Vabulas, K. Heeg, G. B. Lipford, J. W. Ellwart,

and H. Wager. 1998. Bacterial DNA and immunostimulatory CpG ohgonucleo-
tides trigger maturation and activation of murine dendritic cefls. Eur. J. I

22.

23.

24.

25.

1663

and D. D. Sajuthi. 2000. CpG DNA overcomes hyporesponsiveness to hepatitis
B vaccine in orangutans. Vaccine 19:413.

Jones, T. R., N. Obaldia, R. A. Gramzinski, Y. Charoenvit, N. Kolodny, S. Kitov,
H. L. Davis, A. M. Krieg, and S. L. Hoffman. 1999. Synthetic oligodeoxynucle-
otides containing CpG motifs enhance immunogenic vaccine in Aotus monkeys.
Vaccine 17:3065.

Klinman, D. M., K. M. Bambhart, and J. Conover. 1999. CpG motifs as immune
adjuvants. Vaccine 17:19.

Davis, H. L., R. Weeranta, T. J. Waldschmidt, L. Tygrett, J. Schor, and
A. M. Krieg. 1998. CpG DNA is a potent enhancer of specific immunity in mice
immunized with recombinant hepatitis B surface antigen. J. Immunol. 160:870.
Amaral, V. F., V. A. O. Ransatto, F. Conceicao-Solva, E. Molinaro, V. Ferreira,
S. G. Coutinho, D. McMahon-Pratt, and G. Grimaldi. 1996. Leishmania ama-

28:2045.

. Roman, M., E. Martin-Orozco, J. S. Goodman, M. Nguyen, Y. Sato, A. Ronaghy,

R. S. Kornbluth, D. D. Richman, D. A. Carson, and E. Raz. 1997. Immunos-
timulatory DNA sequences function as T helper-1 promoting adjuvants. Nar.
Med. 3:849.

. Klinman, D. M. 1998. Therapeutic applications of CpG-containing oligode-

oxynucleotides. Antisense Nucleic Acid Drug Dev. 8:181.

. Lipford, G. B., M. Bauer, C. Blank, R. Reiter, H. Wagner, and K. Heeg. 1997.

CpG-containing synthetic oligonucleotides promote B and cytotoxic T cell re-
sponses to protein antigen: a new class of vaccine adjuvants. Eur. J. Immunol.
27:2340.

. Davis, H. L. 2000. Use of CpG DNA for enhancing specific immune responses.

Curr. Top. Microbiol. Immunol. 247:171.

. Moldoveanu, Z., L. Love-Homan, W. Q. Huang, and A. M. Krieg. 1998. CpG

DNA, a novel immune enhancer for systemic and mucosal immunization with
influenza virus. Vaccine 16:1216.

. Freidag, B. L., G. B. Melton, F. Collins, D. M. Klinman, A. Cheever, L. Stobie,

W. Suen, and R. A. Seder. 2000. CpG oligodeoxynucleotides and interleukin-12
improve the efficacy of Mycobacterium bovis BCG vaccination in mice chal-
lenged with M. tuberculosis. Infect. Immun. 68:2948.

. Krieg, A. M,, and H. L. Davis. 2001. Enhancing vaccines with immune stimu-

latory CpG DNA. Curr. Opin. Mol. Ther 3:15.

. Bauer, M., K. Heeg, H. Wagner, and G. B. Llpford 1999. DNA actlvatcs human

immune cells through a CpG sequence-dep gy 97:699.

. Hartmann, G., and A. M. Krieg. 2000. Mechanism and function of a newly

identified CpG DNA motif in human primary B cells. J. Immunol. 164:944.
Verthelyi, D., K. J. Ishii, M. Gursel, F. Takeshita, and D. M. Klinman. 2001.
Human peripheral blood celis differentially recognize and respond to two distinct
CpG motifs. J. Immunol. 166:2372.

Krug, A. S. Rothenfusser, V. Homnung, B. Jahrsdorfer, S. Blackwell,
Z. K. Ballas, S. Endres, A. M. Krieg, and G. Hartmann. 2001. Identification of
CpG oligonucleotide sequences with high induction of IFNa/8 in plasmacytoid
dendritic cells. Eur. J. Immunol. 31:2154.

. Kadowaki, N., S. Antonenko, and Y. J. Liu. 2001. Distinct CpG DNA and polyi-

nosinic-polycytidylic acid double-stranded RNA, respectively, stimulate CD11c-
type II dendritic precursor and CD1lc™ dendritic cells to produce type I IFN.
J. Immunol. 166:2291.

Hartmann, G., R. D. Weeratna, Z. K. Ballas, P. Payette, S. Blackwell, I. Suparto,
W. L. Rasmussen, M. Waldshmidt, D. Sajuthi, R. H. Purcell, et al. 2000. Delin-
eation of a CpG phosphorothioate oligodeoxinucleotide for activating primate
immune responses in vitro and in vivo. J. Immunol. 164:1617.

Davis, H. L, 1. 1. Suparto, R. R. Weeratna, Jumintarto, D. D. Iskandriati,
S. S. Chamzah, A. A. Ma'ruf, D. D. Nente, A. M. Krieg, Heriyanto, W. Smits,

26.

27.

28.

29.

30.

31.

32.

33.

34.

36.

37.

38.

Z is: The Asian rhesus macaques (Macaca mulatta) as an experimental
model for the study of cutancous leishmaniasis. Exp. Parasitol. 82:34.
Handman, E. 2001. Leishmaniasis: current status of vaccine development. Clin
Microbiol. Rev. 14:229.

Kenney, R. T., D. L. Sacks, J. P. Sypek, L. Vilela, A. A. Gam, and
K. Evans-Davies. 1999. Protective immunity using recombmant human JL-12
and alum a adjuvants in a primate model of ous leish is. J. ) L
163:4481.

Hagiwara, E., F. Abbasi, G. Mor, Y. Ishigatsubo, and D. M. Klinman. 1995.
Phenotype and frequency of cells secreting IL-2, IL-4, IL-6, IL-10, IFNy and
TNFa in human peripheral blood. Cytokine 7:815.

Leifer, C. A., D. Verthelyi, and D. M. Klinman. 2001. CpG ODN mixtures op-
timally activate human PBMC: interfaces between innate and adaptive immunity.
In Keystone Symposia, Keystone, CO, January, Abstr. 22.

Weeratna, R. D., M. J. McCluskie, Y. Xu, and H. L. Davis. 2000. CpG DNA
induces stronger immune responses with less toxicity than other adjuvants. Vac-
cine 6:1755.

Deml, L., R. Schirmbeck, J. Reimann, H. Wolf, and R. Wagner. 1999. Immu-
nostimulatory CpG motifs trigger a T helper-1 immune response to human im-
munodeficiency virus type-1 (HIV-1) gp 160 envelope proteins. Clin. Chem. Lab.
Med. 37:199.

von Stebut, E., Y. Belkaid, B. V. Nguyen, M. Cushing, D. L. Sacks, and
M. C. Udey. 2000. Leishmania major infected murine Langerhans cell-like den-
dritic cells from susceptible mice release IL-12 after infection and vaccinate
against experimental cutaneous leishmaniasis. Eur. J. ) l. 30:3498.
Stacey, K. J., and J. M. Blackwell. 1999. Immunostimulatory DNA as an adjuvant
in vaccination against Leishmania major. Infect. Immun. 67:3719.

Kadowaki, N., S. Ho, S. Antonenko, R. de Waal Malefyt, R. Kastelein, F. Bazan,
and Y. J. Liu. 2001. Subsets of human dendritic cell precursors express different
Toll-like receptors and respond to different microbial antigens. J. Exp. Med. 194:
863.

. Bauer, S, C. J. Kirschning, H. Hacker, V. Redecke, S. Hausmann, S. Akira,

H. Wagner, and G. B. Lipford. 2001. Human TLRO confers responsiveness to
bacterial DNA via species-specific CpG motif recognition. Proc. Natl. Acad. Sci.
USA 98:9237.

Hemmi, H., O. Takeuchi, T. Kawai, S. Sato, H. Sanjo, M. Matsumoto,
K. Hoshino, H. Wagner, K. Takeda, and S. Akira. 2000. A Toll-like receptor
recognizes bacterial DNA. Nature 408:740.

Takeshita, F.. C. A. Leifer, I. Gursel. K. Ishii, S. Takeshita, M. Gursel, and
D. M. Klinman. 2001. Cutting edge: role of Toll-like receptor 9 in CpG DNA-
induced activation of human cells. J. Immunol. 167:3555.

Krieg, A. M. 2001. From bugs to drugs: therapeutic immunomodulation with
oligodeoxynucleotides containing CpG sequences from bacterial DNA. Antisense
Nucleic Acid Drug Dev. 11:181.



Differential and competitive activation of human immune cells
by distinct classes of CpG oligodeoxynucleotide

Mayda Girsel, Daniela Verthelyi, lhsan Giirsel, Ken J. Ishii, and Dennis M. Klinman
Section of Retroviral Research, Center Jor Biologics Evaluation and Research, Food and Drug Administration,

Bethesda, Maryland

Abstract: Synthetic oligodeoxynucleotides (ODN)
expressing “CpG motifs” show promise as immune
adjuvants, antiallergens, anticancer, and immuno-
protective agents. Two structurally distinet classes
of CpG ODN have been identified that stimulate
human PBMC. This work establishes that both
types of ODN bind to and are internalized by the
same individual B cells, NK cells, and monocytes.
However, the intracellular localization of “D” and
“K” ODN differs, as does their functional activity:
“K” type ODN trigger monocytes and B cells to
proliferate and secrete IL-6 and IgM, whereas “D”
type ODN induce NK cells to produce IF N-y and
monocytes to differentiate into CD83*/CD86"
dendritic cells. In monocytes, these two types of
ODN (which differ in backbone composition and
CpG motif) cross-inhibit one another’s activity.
Thus, different types of CpG ODN have distinct
and in some cases incompatible effects on the same
cells, a finding with important implications for the
therapeutic use of these agents. J. Leukoc. Biol.
71: 813-820; 2002.

Key Words: CpG DNA - B cells - NK cells - monocytes

INTRODUCTION

Bacterial DNA contains unmethylated “CpG motifs” that
strongly activate the mammalian immune system [1-5]. Syn-
thetic oligodeoxynucleotides (ODN) containing such CpG mo-
tifs stimulate B cells [2, 6), natural killer (NK) cells [7, 8], and
professional antigen-presenting cells (APCs) [9-12] to prolif-
erate and/or secrete a variety of cytokines, chemokines, and
immunoglobulins (Ig). Animal studies suggest that CpG ODN
may be therapeutically useful as vaccine adjuvants, antialler-
gens, chemotherapeutic, and immunoprotective agents [13—
17].

Previously, we demonstrated that two structurally distinct
classes of CpG ODN are capable of activating human periph-
eral blood mononuclear cells (PBMC), a finding since con-
firmed by others [8, 18, 19]. “K” type phosphorothioate ODN
expressing multiple TCGTT and/or TCGTA motifs stimulate
human immune cells to proliferate and secrete interleukin
(IL)-6 and IgM (referred to as CpG-B by other groups) [20-23].
“D” type ODN, which contain a phosphodiester purine/pyrim-
idine/CG/purine/pyrimidine motif, capped at each end by a

phosphorothioate poly G tail, stimulate NK cells to produce
interferon-y (IFN-vy; referred to as CpG-A by other groups) [8,
18, 19]. Whether these differences in activity reflect variation
in cellular binding, uptake, or signaling by “K” versus “D”
ODN and whether these two types of ODN interact synergisti-
cally or competitively are unknown.

This work compares the ability of “K” and “D” ODN to
activate B cells, NK cells, and monocytes. Results indicate that
both types of ODN bind to and enter the same immune cells.
However, their intracellular localization differs, as does their
functional activity. Moreover, these two types of ODN cross-
inhibit one another’s ability to activate human monocytes.
Thus, ODN, differing in CpG motif and backbone composition,
have distinct and in some cases incompatible effects on the
same immune cells.

MATERIALS AND METHODS

Oligonucleotides and antibodies

ODN were synthesized at the Center for Biologics Evaluation and Research
(Bethesda, MD) core facility. Sequences of the CpG ODN used in this study are
5'-TCGAGCGTTCTC-3’ (K23) and 5'-GgtgeategatgeaggggGG-3' (D35) [8].
The control for “K” ODN was 5'-TCAAGTGTTCTC-3' and for “D” ODN,
5'-GgtgcatctatgcaggggGG-3'. Bases shown in capital letters are phosphoro-
thioate, and those in lower case are phosphodiester. CpG dinucleotides are
underlined. All fluorescein isothiocyanate (FITC)-, phycoerythrin (PE)-, and
cychrome-labeled monoclonal antibodies (mAb) were purchased from Pharm-
ingen (San Jose, CA). All ODNs used in this study contained <0.1 U/mg
endotoxin. .

Cell cultures

PBMC from normal donors (provided by the NIH Department of Transfusion
Medicine, Bethesda, MD) were isolated by Ficoll-Hypaque density-gradient
centrifugation [8]. Countercurrent centrifugal elutriation was used to isolate
monbcytes that were >95% pure. Cells (0.5-4X 10%ml) were cultured in
RPMI 1640 containing 5% fetal calf serum (FCS), 50 U/ml penicillin, 50
ug/ml streptomycin, 0.3 mg/mL L-glutamine, 0.1 mM nonessential amino
acids, 1 mM sodium pyruvate, 10 mM HEPES, and 10 M 2-mercaptoethanol.
Cells were stimulated with ODN for 872 h with 1-3 1M ODN depending on
the assay.

Analysis of cell proliferation

PBMC were cultured in complete medium plus 3 pM ODN for 72 h. To study
B-cell proliferation, cells were loaded with 10 nM carboxy fluorescein succin-
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imidyl ester energy (Molecular Probes, Eugene, OR) as described before [24].
Proliferation of CD11c+ monocytes was monitored by adding 10 uM BrdU
(Pharmingen) for the last 18 h of culture. Staining for BrdU was performed as
recommended by the manufacturers.

Enzyme-linked immunosorbent assays (ELISAs)

Ninety-six-well microtiter plates (Millipore, Bedford, MA) were coated with
anticytokine or anti-IlgM Ab and blocked with phosphate-buffered saline
(PBS)-5% bovine serum albumin {8]. The plates were incubated for 2 h with
culture supernatants from PBMC (5X10%ml) that had been stimulated for
8-24 h with ODN as described above. IL-6, IFN-vy, and IgM were detected
colorimetrically using biotin-labeled antibodies followed by phosphatase-con-
jugated avidin and a phosphatase-specific colorimetric substrate [8). The
detection limit of the assays was 6 pg/ml IFN-y, 20 pg/ml IL-6, and 10 ng/ml
IgM. All assays were performed in triplicate.

Staining for cell-surface markers and intracellular
cytokine

Cultured cells were washed in cold PBS, fixed, and stained with fluorescent-
labeled anti-CD69 (24 h), anti-CD25 (72 h), anti-CD83 (72 h), or anti-CD86
(72 h). To detect intracytoplasmic cytokine, cells incubated with ODN plus 10
pg/ml Brefeldin A for 8 h were washed, fixed, permeabilized (as per the
manufacturer’s instructions; Caltag, S. San Francisco, CA), and stained with 4
pg/ml PE-conjugated anti-IL-6 or 2 pg/ml PE-conjugated anti-IFN-y (Pharm-
ingen) plus various FITC and Cy-Chrome-labeled surface markers for 30 min
at room temperature. Samples were washed and analyzed (20,000-40,000
events) on a FACScan flow cytometer (Becton Dickinson, San Jose, CA) after
gating on live cells with proper electronic compensation. The data were
analyzed using CELLQuest software (Becton Dickinson Immunocytometry
Systems, San Jose, CA).

Analysis of cell-surface binding and
internalization of ODN

PBMC (4% 10%ml) were incubated with biotinylated ODN (1-3 M) for 10 min
at 4°C (binding experiments) or 37°C for 1 h (uptake experiments). To detect
internalized ODN, surface-bound ODN were blocked with 100 pg/ml “cold”
streptavidin. After washing, these cells were permeabilized, fixed, and stained
with PE-conjugated streptavidin (1 pg/ml) plus FITC or Cy-Chrome-conju-
gated cell-surface markers.

Confocal microscopy

Elutriated monocytes (4X10%ml) were incubated with Cy-3 or FITC-labeled
“K” andfor “D” ODN at 37°C for 1 h. The cells were washed and mounted
using the Prolong antifade kit (Molecular Probes) Subcellular localization of
Cy3 and FITC-labeled ODN was determined by confocal microscopy under
1000X magnification (LSM5 PASCAL; Carl Zeiss, Thornwood, NY).

RESULTS

Binding and internalization of CpG ODN

The ability of human PBMC to bind and internalize CpG ODN
was examined using biotin-labeled K23 and D35 ODN. Both
types of ODN bound rapidly to the surface of virtually all
human monocytes at 4°C (Fig. 1, upper panel). A significant
fraction of B lymphocytes (20—-45%) and NK cells (10-20%)
also bound these ODN. Simultaneous staining with “K” and
“D” ODN showed that the same cells were binding both types
of ODN. In contrast, interaction with T cells barely exceeded
background levels (Fig. 1).

To monitor internalization, PBMC were incubated with bi-
otin-labeled ODN for 60 min at 37°C. Surface-bound ODN
were blocked with excess strepavidin, and internalized ODN
were detected by staining fixed, permeabilized cells with FITC-

814 Journal of Leukocyte Biology Volume 71, May 2002

100 } [OMedium

mK
WD

80 T

60 T

40 T

(surface bound)

20

100 |

80 |

60 T

% ODN positive cells

40 |

(internalized)

20 T

T cells

NK cells

B cells
Monocytes

Fig. 1. Binding and uptake of K23 and D35 ODN. Binding studies: Freshly
isolated PBMC were incubated with 3 wM biotinylated ODN for 10 min at 4°C,
washed, and counter-stained with FITC-avidin and Cy3-labeled phenotype-
specific Ab. Uptake studies: PBMC were incubated with 3 uM biotinylated
ODN for 60 min at 37°C. Surface-bound ODN was blocked with excess
streptavidin, and intemalized ODN was detected by FITC-avidin staining of
permeabilized cells. Cells incubated with ODN at 4°C showed no internaliza-
tion of ODN. Data represent the mean percent * SeM of CD3™ T cells, CD16*
NK cells, CD19" B cells, and CD14" monocytes from six independent
experiments.

avidin. The fraction of monocytes, B lymphocytes, and NK
cells that internalized K23 and D35 ODN was similar to the
fraction of each cell type that bound these ODN (Fig. 1).
Similar results were obtained using other “D” and “K” ODN
(unpublished results). No internalization was observed when
cells were incubated with ODN for 10 min at 4°C, suggesting
that ODN uptake involves metabolic activity.

The ratio of membrane bound:internalized ODN was com-
pared. Based on differences in mean fluorescence intensity
(MFI), we calculate that target cells internalized approximately
half of the ODN that had bound to their cell surface (unpub-
lished results). For all cell types, the absolute magnitude of
“D” ODN uptake exceeded that of “K” ODN. For example, the
amount of labeled “D” ODN that bound to and was taken up by
monocytes exceeded that of equimolar “K” ODN by about
twofold throughout the functional concentration range of these
agents (P<0.001; Fig. 2A). To achieve equivalent levels of
binding and uptake required that “D” ODN be used at a
fourfold lower concentration than “K” (e.g., 0.75 vs. 3.0 pM;
Fig. 2).

The intracellular localization of these two types of ODN was
examined by confocal microscopy of labeled monocytes. As
seen in Figure 2B, “K” and “D” ODN largely occupied discrete
areas within the same cell, although there was a limited degree
of colocalization. “D” ODN largely occupied punctuated ves-
icles, whereas “K” ODN were distributed more diffusely, stain-
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ing the nucleus as well as cytoplasmic vesicles. This difference
in localization was associated with the presence or absence of
a poly G tail, because control (non-CpG) ODN with a poly G
tail showed the same distribution pattern as did “D” ODN
(unpublished results). In contrast, the fluorescent dyes used
did not influence distribution, because switching dyes had no
effect on the ODN localization pattern.

Differential effect of “K“ versus “D” ODN on B-
cell function

Whole PBMC were treated with optimal concentrations of K23
and D35 ODN. “K” ODN activated CD19™ B cells rapidly,
reflected by a significant increase in. the expression of the
CD69 early activation marker and the CD25 late-activation
marker (P<<0.001; Table 1 and Fig. 3). “K” ODN also
triggered a greater-than tenfold increase in B-cell proliferation
(P<0.05), a greater-than tenfold increase in [gM production
(P<01), and a fivefold increase in the number of B cells
secreting IL-6 (P<<0.001). The effect of K23 exceeded that of

)

Fig. 2. (A) Internalization and localization of
K23 versus D35 ODN. PBMC were incubated
with increasing concentrations of biotinylated
“K” (M) or “D” ODN (@). A tenfold excess of
unlabeled “D” ODN did not inhibit the uptake
of labeled “K” ODN (0J) nor did unlabeled “K”
ODN block the uptake of biotinylated “D” (O).
Note that 3 pM “K” and 0.75 pM “D” ODN
yield equivalent levels of uptake. Results rep-
resent the mean fold increase in MFI over back-
ground * SE from four independent experi-
ments. (B) Subcellular distribution of K23 and
D35 ODN in elutriated monocytes. Purified
monocytes were incubated with 3 pM Cy-3-
labeled “K” (red) and FITC-labeled “D” (green)
ODN for 2 h at 37°C. The intracellular local-
ization of these ODN was determined by confo-
cal microscopy. Sections are at 1000X original
magnification.

D35 (and of a control for the “K” type ODN of the same
structure but lacking the critical CpG motif) by more than
tenfold in each of these functional assays. However, “D” ODN
were not entirely inactive, because they induced a modest
increase in CD25 and CD69 expression by CD19* B cells
(Table 1 and Fig. 3).

Differential effect of “K” versus “D” ODN on NK
cells

NK cells were identified by their expression of the CD16
surface marker. “D” ODN stimulated approximately 25% of
these cells to increase expression of CD25 and CD69
(P<0.001; Table 2 and Fig. 4, upper-right vs. lower-right
panels). Consistent with previous studies, “D” ODN also trig-
gered a significant increase in IFN-y secretion by NK cells
(P<0.05; Table 2). By comparison, neither “K” ODN nor a
non-CpG control for the “D” ODN stimulated IFN-y produc-
tion significantly. K23 did induce a modest increase in the
number of NK cells expressing CD25 and CD69 (P<0.05;

TABLE 1. Effect of “K” and “D” ODN on B Cells
% of B cells expressing/producing
Proliferation
ODN type CD25 CD69 IL-6 (stimulation index) IgM (ng/ml)
K 499 * 7.4 353 %19 84*17 6.0 * 0.7 11.6 £ 2.9
D 189 x 3.1 223 +0.3 1.3*03 2.1*0.6 15+13
K+D 54.1 £0.2 38.1+58 N.D. 51*0.5 119+ 29
“K” Control 6312 133+ 5.8 12+03 23+0.3 0.7 £ 0.5

PBMC were stimulated with 3 uM K23, D35, or “K” control (non-CpG) ODN for 8-72 h. The percent of CD19* B cells induced to express CD25 and CD69
and secrete IL-6 was determined by cell-surface and intracytoplasmic staining. Proliferation was monitored by CFSE dilution, and IgM levels in culture
supernatants were determined by ELISA. Results represent the mean * sb of five independent experiments.

»
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Fig. 3. B-cell activation by K23 versus D35 ODN. PBMC were incubated with 3 &M ODN for 8-72 h. The number of CD19"* B cells induced to up-regulate
expression of CD25 and CD69, produce IL-6, and proliferate was monitored by cell-surface and intracytoplasmic staining (see Materials and"Methods). Note that
in this representative example, the stimulation induced by “K” ODN exceeded that of “D” ODN by every parameter measured.

Table 2). None of these ODN induced NK cells to proliferate
(unpublished results).

Differential effect of “K” versus “D” ODN on
monocytes

“K” and “D” ODN had disparate effects on purified monocytes.
K23 stimulated CD14* monocytes to proliferate (P<0.05) and

TABLE 2. Effect of “K” and “D” ODN on NK Cells

% of NK Cells
Expressing or Producing

IFN-y
ODN type CD25 CD69 IFN-y (pg/ml)
K 151+59 166+19 18*03 18 =12
D 278+48 259+2]1 35203 55 +20
K+D 203+32 257+*16 ND. 43 =17
“D” Control  38+24 119+06 1603 075+05

PBMC were stimulated with 3 M ODN for 8-72 h. The percent of CD16"
"~ NK cells induced to express CD25 and CD69 or secrete IFN was determined
by cell-surface and intracytoplasmic staining. IFN-y levels in culture super-
natants were determined by ELISA. Results represent the mean * sp of five
independent experiments.
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secrete IL-6 (P<0.001), whereas D35 had no effect in these
assays (Table 3 and Fig. 5). Instead, “D” (but not “K”) ODN
stimulated monocytes to mature into CD83*/CD86™ dendritic
cells (DC; P<<0.001; Table 3 and Fig. 5). The divergent effects
of “K” versus “D” ODN on monocytes persisted throughout the
physiologic concentration range of both types of ODN and was
observed using a variety of “D” and “K” ODN, indicating that
these differences were not a result of variation in ODN binding
or uptake (unpublished results). Although both types of ODN
increased CD69 and CD25 expression, “D” ODN up-regulated
these activation markers in monocytes significantly more ef-
fectively (P<<0.001; Table 3).

Competition between “K” and “D” ODN at the
single-cell level

The above findings suggested that monocytes responded dif-
ferently to stimulation by “K” versus “D” ODN. There are two
possible explanations for this observation: These two types of
ODN were triggering the same cells to mount distinct types of
immune response, or “K” and “D” ODN were acting on dif-
ferent subpopulations of monocytes. The latter explanation
seemed unlikely, given that confocal microscopy showed that
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Fig. 4. NK cell activation by K23 versus D35 ODN. PBMC were incubated with 3 M ODN for 24—72 h. The number of CD16* NK cells induced to up-regulate
expression of CD25 and CD69 and produce IFN was monitored by cell-surface and intracytoplasmic staining. Note that in this representative example, the

stimulation induced by “D” ODN exceeded that of “K” ODN in every parameler measured.

the same cells were binding and internalizing both types of
ODN (Figs. 1 and 2).

To clarify this situation, monocytes were treated simulta-
neously with D35 plus K23. At optimally stimulatory concen-
trations, these ODN did not cross-compete for uptake or bind-
ing (Fig. 2A). Yet, when their function was analyzed, coadmin-
istration of “K” ODN reduced the ability of “D” ODN to trigger
monocyte differentiation by 70% (P<<0.001; Table 3). The

inhibitory effect of “K” ODN on the activity of “D” ODN was
sequence-specific and concentration-dependent, because con-
trol, non-CpG ODN did not interfere significantly with the
activity of “D” ODN (unpublished resylts). Conversely, “D”
ODN significantly reduced the ability of “K” ODN to induce
monocytes to proliferate (P<<0.05; Table 3). As above, the
inhibitory effect of “D” on the activity of “K” ODN was
sequence-specific and concentration-dependent.

TABLE 3. Effect of “K” and “D” ODN on Monocytes

% of Monocytes expressing/producing

ODN type CD25 CD69 IL-6 IL-6 (ng/ml) Proliferation (SI) DC maturation
K 328+ 1.1 39.7* 53 24.1 £ 24 20*03 70*14 35*+03
D 486+ 7.5 821 24 46 *03 08 *0.1 1.0+ 0.5 23.7*+2.0
K+D 44.7 * 139 538 £ 12,5 N.D. 22*01 28 * 1.7 52*08
“K” Control 218+ 22 302+ 25 51*06 <0.3 21=*+16 1.8*0.1

PBMC or elutriated monocytes were stimulated with 3 uM ODN for 8-72 h. The percent of CD14™ monocytes induced to secrete IL-6 was determined by
intracytoplasmic staining. Because of down-regulation of CD14, CD11c was used to monitor the expression of CD25 and CD69 by stimulated cells. The percent
of CD83*/CD86" dendritic cells in culture was determined after 72 h. IL-6 levels in culture supematants were determined by ELISA, and proliferation was
evaluated by BrdU incorporation. Results represent the mean * sb of five independent experiments.
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Fig. 5. Monocyte activation by K23 versus D35 ODN. Elutriated monocytes were incubated with 3 uM ODN for 8-72 h. The number of CD11c* monocytes
induced to up-regulate expression of CD25 and CD69 and proliferate was monitored by cell-surface and intracytoplasmic staining. Production of 1L-6 by CD14*
monocytes was monitored by intracytoplasmic staining. Note that in this representative example, “K” ODN triggered monocyte proliferation and production of IL-6,

and “D” ODN induced monocytes to mature into CD837/CD86™ dendritic cells.

A very different pattern emerged when B and NK cells were
studied. In these cells, the coadministration of “D” with “K”
ODN was not inhibitory. Rather, the ability of “K” ODN to
stimulate B cells to proliferate and secrete IL-6 and IgM was
unaffected by the presence of “D” ODN, and the ability of “D”
ODN to stimulate NK cells to secrete IFN-y was not reduced
by inclusion of “K” ODN.

DISCUSSION

CpG ODN show promise as immune adjuvants and antialler-
gens and for the treatment of infectious disease and cancer
[13-15, 25-29]. Previously, we demonstrated that “K” and “D”
ODN might support distinct therapeutic activities. The current
work monitored the uptake, distribution, and functional char-
acteristics of “D” versus “K” ODN in multiple cell types. “K”
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ODN uniquely stimulated B cells to proliferate and secrete,
and “D” ODN uniquely activated NK cells to produce IFN-y.
The response of monocytes to these two types of ODN was
particularly informative. “K” ODN trigger elutriated monocytes
to proliferate and secrete IL-6, and “D” ODN stimulate them to
differentiate into dendritic APCs. When mixed, “K” and “D”
ODN cross-inhibited one another’s effects on monocytes.

The ability of CpG ODN to trigger immune cells to prolif-
erate and secrete Ig and cytokines was documented first in
mice [14]. Because of evolutionary divergence in CpG recog-
nition between species, ODN that are highly active in rodents
are poorly immunostimulatory in primates [8, 23, 30]. This
prompted efforts to identify CpG ODN that stimulated human
PBMC, culminating in the discovery of “K” and “D” type ODN.
Optimally active “K” ODN are composed of multiple TCGxTT
and/or TCGxTA motifs on a phosphorothioate backbone [7, 8,
23, 30-32]. In contrast, “D” ODN consist of a phosphodiester
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purine-pyrimidine-CpG-purine-pyrimidine hexamer flanked by
self-complementary bases that form a stem-loop structure
capped at the 3’ end by a phosphorothioate poly G tail {8]. The
ability of “K” ODN to stimulate monocytes and B cells is
well-documented, and “K” ODN have entered phase I clinical
trials {7, 23, 30-32]. By comparison, much less is known of the
functional activity of “D” ODN. The current work not only
confirms that “D” ODN induce NK cells to secrete IFN-y but
demonstrates that they also trigger monocytes to mature into
CD83*/CD86" dendritic cells.

This work is the first to establish that these two different
types of CpG ODN can block one another’s immunostimulatory
activity. We find that “D” ODN were unable to trigger mono-
cytes to differentiate into DC when “K” ODN were present and
that the proliferation induced by “K” ODN was disrupted when
“D” ODN were present (Table 3). These observations suggest
that “D” and “K” ODN trigger competing signaling pathways or
that the activation induced by one type of ODN precludes
monocytes from responding to the other. Consistent with the
latter possibility, “K” ODN stimulate monocytes to proliferate,
secrete IL-6, and differentiate into macrophages— effects
known to inhibit the maturation of 1'onocytes into DC [33-35].

Of interest, “D” and “K” ODN did not interfere with one
another’s ability to activate B or NK cells. Both cell types
bound and internalized these ODN, yet “K” ODN uniquely
triggered B cells to proliferate and secrete, and “D” ODN
uniquely stimulated NK cells to produce IFN-y. Thus, it ap-
pears that competition does not occur when “D” and “K” ODN
trigger convergent activation pathways.

We and others [36, 37] have demonstrated that “K” ODN
interact with Toll-like receptor 9 (TLR-9). Studies show that
the cellular activation mediated by “K” ODN involves a sig-
naling cascade in which the serine kinase interleukin-1 recep-
tor-associated kinase interacts with the adaptor protein tumor
necrosis receptor-associated factor 6, which in turn links to the
mitogen-activated protein-3 kinase transforming growth factor
B activated kinase-1. TAK-1 induces the activation of the
transcription factor nuclear factor-kB (NF-«B) as well as ac-
tivated protein-1 transcription family members Jun and Fos,
which contribute to the transcription of immune response genes
{6, 38, 39]. Unlike “K” ODN, there is no evidence that “D”
ODN interact with TLR-9. Rather, ongoing research suggests
that the poly G tail of “D” ODN may interact with scavenger
receptors on immune cells [40], and studies in our lab indicate
that “K” but not “D” ODN stimulate cells transfected with
TLR-9 (unpublished results). Consistent with differences in
recognition and subsequent uptake, “D” ODN do not compete
with “K” ODN for binding or cell entry (Fig. 1). Moreover, “D”
and “K” ODN primarily occupy discrete locations within a
single cell (although some colocalization is observed; Fig. 2).

K23 and D35 were used as representative “K” and “D” ODN
in the current study. However, other “K” and “D” ODN were
examined with similar results. As controls, ODN with the same
structure as K23 and D35 but lacking the critical CpG motif
were used. These controls demonstrate that CpG motifs were
responsible for the immune activation observed. Moreover,
when the poly G tail of D35 was replaced by a poly T tail,
enhanced cellular uptake and immunostimulatory activity were
abolished totally, indicating that the poly G component was

indispensable for “D” ODN activity. Addition of a poly G tail
to K23 altered the uptake and intracellular distribution of this
ODN, as a result, decreasing the level of proliferation and IL-6
secretion elicited. Because some lots of FCS (and lipopolysac-
charide contamination of any cell-culture reagent) can syner-
gistically enhance the immune activation induced by CpG
ODN, all materials used in these studies were prescreened and
shown to be immunologically inert in our assays.

“D” and “K” motifs are present in biclogical products cur-
rently undergoing clinical testing (ranging from DNA vaccines
to gene-therapy vectors). Preliminary studies suggest that the
number and location of CpG motifs can influence the nature
and magnitude of the host’s immune response to these prod-
ucts. In this context, ongoing studies in our lab suggest that
“D” ODN are significantly better than “K” ODN as immune
adjuvants in vivo. Knowledge of the specific cell types and
functions triggered by these two types of ODN and of their
competitive activities should facilitate the rational design of
novel and effective therapeutic agents.
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CpG DNA as a vaccine adjuvant

Dennis M Klinman

Synthetic oligodeoxynucleotides containing unmethylated CpG motifs act as immune
adjuvants, accelerating and boosting antigen-specific antibody responses by up to
500-fold. CpG motifs promote the production of T-helper 1 and pro-inflammatory cytokines
and induce the maturation/activation of professional antigen-presenting celis (including
macrophages and dendritic cells). These effects are optimized by maintaining close
physical contact between the CpG DNA and the immunogen. Coadministering CpG DNA
with a variety of vaccines has improved protective immunity in animal challenge modeis.

Ongoing clinical studies indicate that CpG oligodeoxynucleotides are safe and
well-tolerated when administered as adjuvants to humans and in some cases increase

vaccine-induced immune responses.
Expert Rev. Vaccines 2(2), 305-315 (2003)

Immunostimulatory properties of CpG DNA

The mammalian immune system is stimulated
by exposure to bacterial DNA (). This prop-
erty was first observed in the field of autoim-
munity, where animals were stimulated to pro-
immunoglobulin  (Ig)G  and-DNA
autoantibodies when exposed to bacterial
DNA 25. More recently, Yamamoto and col-
leagues demonstrated that fragments of bacte-
rial DNA and synthetic single-stranded oligo-
deoxynucleotides (ODNs) with sequences

duce

patterned after those found in bacteria stimu-
lated the tumoricidal activity of murine natu-
ral killer (NK) cells (3,41. Although initially
interpreted as indicating that palindromic
sequences in synthetic ODNs activate NK
cells [5,6], subsequent studies clarified that the
relevant immunostimulatory sequence motif
(for mice) consisted of an unmethylated CpG
dinucleotide flanked by two 5" purines and
two 3’ pyrimidines (7. This motif is approxi-
mately 20 times more common in bacterial
than mammalian DNA, due to differences in
the frequency of utilization and methylation
pattern of CpG dinucleotides in prokaryotes
versus eukaryotes [8,9).

CpG DNA stimulates the immune system
of fish, birds and mammals {10]. As will be

discussed in greater detail below, the precise
hexameric motif that induces maximal
immune activation varies between species. In
humans, CpG ODNs directly activate B-cells
and plasmacytoid dendritic cells (DCs) — and
indirectly stimulate additional cell types — to
proliferate and/or secrete pro-inflammatory
[IL}-1, IL-6, IL-18, rtumor
necrosis factor [TNF]-a) and T-helper
(Th)1-associated (interferon [IFN]-y and IL-
12) cytokines 711,12 CpG DNA also
induces the polyclonal activation of IgM-
secreting cells (including memory B-cells)
(7.13.14] and the maturation of professional

(interleukin

antigen-presenting cells (APCs) (15). By com-
parison, mammalian DNA and ODN lack-
ing unmethylated CpG motifs do not induce
cytokine secretion or APC maturation
(TABLE 1) [11,15].

Molecular mechanism underlying

CpG-induced immune activation

Considerable insight has been gained into the
molecular mechanism through which CpG
motifs are recognized by and stimulate immune
cells. Cells of the immune system express mem-
bers of the Toll-like family of receptors (TLR).

This receptor family mediates responses to
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‘pathogen-associated molecular patterns’ (PAMPs) expressed by a
diverse group of infectious micro-organisms [16]. TLRs consist of
an extracellular domain with leucine-rich repeats and an intracy-
toplasmic domain homologous to the IL-1 receptor [17}. Studies
of both murine and human cells indicate that a specific member
of the TLR family, TLRY, is responsible for CpG recognition
118,19]. Cells lacking TLR9 are not responsive to CpG DNA and
can be made responsive by transfection with TLR9 119,201.

The interaction between CpG ODN and TLR9 has been
monitored using fluorescent probes. When added to the extra-
cellular medium, CpG ODN are rapidly internalized, interact-
ing with TLRY present in endocytic vesicles (19]. This effect is
exquisitely sequence-specific, since eliminating the CpG dinu-
cleotide by inversion or methylation abrogates this interaction
(18,19). The interaction of TLR9 with CpG ODN results in
vesicular swelling, acidification and the generation of reactive
oxygen species [19,21,22). This sequence of events is critical to
CpG-mediared signaling, since agents that inhibit endosomal
maturation or acidification (such as chloroquine and wort-
mannin) block immune activation (21,22]. Thus, the colocaliza-
tion of CpG DNA with TLRY in endosomal vesicles and the
accompanying maturation of those vesicles are critical steps in
the signaling process.

Cellular activation through members of the TLR family
involves a signaling cascade that proceeds through MyD88,
IL-1 recepror-activated kinase (IRAK), TNF receptor-associ-
ated factor 6 (TRAFG) and culminates in the activation of
several transcription factors, including NF-KB, activating pro-
tein-1 (AP-1), CCAAT/enhancer binding protein (C/EBP)
and cAMP-responsive element-binding protein (CREB),
which directly upregulate cytokine/chemokine gene expres-
sion [17.23). MyD88 has been shown to colocalize with TLR9
and CpG ODN (24). Not surprisingly, dominant negative ver-
sions of MyD88, IRAK and TRAF6 inhibit CpG ODN-
mediarted cellular activation and TLR9 knockout mice fail to
mount an immune response when stimulated with CpG

ODN 117,23].

Contribution of CpG motifs fo the immunogenicity of

DNA vaccines

CpG content of DNA vaccines

Vaccine development was invigorated in the 1990s by the find-
ing that mice immunized with antigen-encoding DNA plasmids
generated both cellular and humoral immune responses against
the encoded antigen. Investigators demonstrated that immunity
could be induced against determinants expressed by a variety of
viruses, parasites, bacteria and tumors, with protection being
generated in some challenge models [25-28].

DNA vaccines consist of an antigen-encoding gene whose
expression is regulated by a strong mammalian promoter
incorporated into the plasmid backbone of bacterial DNA
12529.30l. When injected intramuscularly or intradermally,
DNA vaccines are transcribed, translated and the protein they
encode presented to the immune system in the context of self
major histocompatability complex (MHC) (25,29311.

Although the nature, magnitude and duration of the
immune response elicited by DNA vaccines is influenced by
multiple factors, intramuscular delivery typically elicits a Thi-
driven response, characterized by cytotoxic T-cell (CTL) induc-
tion and the release of IFN-y and antigen-specific IgG2a anti-
bodies 25,32,331. This pattern is reminiscent of that induced by
CpG DNA.

The plasmid vectors that form the backbone of all DNA vac-
cines are composed of CpG-containing bacterial DNA. Might
those CpG motifs contribute to vaccine immunogenicity? This
issue was first examined by substituting a CpG-containing amp,
gene for a kan, selectable marker in a B-galactosidase-encoding
plasmid (34). This re-engineered plasmid elicited a higher IgG
antibody response, more CTLs and greater IFN-y production
than the original vector [3435]. Several laboratories confirmed
the finding that adding CpG motifs to the plasmid backbone
could improve the immunogenicity of the resultant DNA vac-
cine (TABLE 2) (35-38}.

Effect of CpG molifs on antibody production

The isotype of antigen-specific antibody elicited following plas-
mid DNA vaccination was compared with that induced by
immunization with other immune adjuvants. Whereas protein
alone, or protein in complete Freund’s adjuvant (CFA), prima-

rily induced the production of IgG1 antibodies (IgG1:IgG2a

@ble 1. Immunostimulatory effect of CpG DNA.

Fold increase in cytokine-secreting cell
number

IL-6 IL-12  IFN-y  IgM
E. ColiDNA 32+02 38+04 47+23 39+1.1
Calf thymus 08+02 1.1+02 08+03 07+02
DNA
CpG ODN 55+1.1 83x+17 47+11 42116
CpG ODN 09+02 12+03 08+02 11102
(Methylated)
CpG ODN 13+02 08+02 11+02 09+02
(DNAse Rx'd)
GpC ODN 12403 13+03 12+03 13103
Suppressive 1.1+ 02 09+03 11+02 10401
ODN
CpG + 09+02 10+01 13+03 08+02
suppressive
ODN
BALBYc spleen cells were incubated with 50 wg/mi of heat denatured E. coli
DNA, calf thymus DNA, or with 1 uM of stimulatory or control
phosphorothioate ODNs. The effect on cytokine production was determined
after 10 h by ELISPOT assay [11,33]. Data represent the fold increase in the
number of cytokine-secreting cells over background. Results represent the
mean + SD of at least three independent experiments.
E. Coli: Escherichia coli; IFN: Interferon; Ig: immunoglobulin; IL: Interteukin;
ODN: Ofigodeoxynucleotides.
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/Table 2. Effect of CpG motifs on DNA vaccine immunogenicity.

Fold increase

Ab titer G2a:G1 ratio IFN-y
50 pg Plasmid DNA vaccine 39 3.1 5.1
50 ug DNAse treated DNA vaccine 2 ND 1.1
50 pg 80% methylated DNA vaccine 6 ND 1.8
50 ug 97% methylated DNA vaccine 1 ND 09
50 ug 97% methylated DNA vaccine + CpG ODN 19 ND 48
2 pg plasmid DNA vaccine 3 ND 08
2 pg CpG-enriched DNA vaccine 52 ND 39
50 pg CpG-enriched DNA vaccine 54 ND 4.1
BALB/c mice were immunized with 2 or 50 mg of plasmid DNA. The effect on serum IgG anti-CS.1 antibody titer and on the number of T-cells/ 10° splenocytes that were
activated to secrew? IFN-y in vitro by restimulation with antigen, is shown 3 weeks postimmunization. Ab: Antibody; IFN: Interferon; Ig: Immunoglobulin; ND: Not
determined; ODN: Uligodeoxynucleotide.

ratio >5), intramuscular injection of DNA vaccines encoding
the same proteins preferentially stimulated IgG2a antibody pro-
duction (IgG1:IgG2a ratio < 1) 371. Since IFN-y promotes
IgM-IgG2a isotype switching, these findings are consistent with
CpG-induced IFN-y production contributing to the preferencial
production of IgG2 antibodies in immunized mice (TABLE 2).

Effect of CpG mofifs on cyfokine production

Mice primed and boosted with DNA vaccines mount an
IFN-y-dominated Th1 immune response (3334]. When spleen
cells from DNA-vaccinated animals were restimulated 7 vitro
with immunodominant T-cell epitopes present on the encoded
protein, their production of IFN-y (but not IL-4) significantly
increased (TABLE 2). This pattern is consistent with CpG-driven
immune activation.

Dose effect of CpG molifs

CpG-enriched plasmids remain immunogenic at doses at
which plasmids containing fewer CpG motifs fail to induce an
immune response. For example, a DNA vaccine encoding the
circumsporozoite  protein  (CSP) of malaria (termed
1012/PyCSP) was stongly immunogenic at an optimal dose of
50 ug/mouse but lost activity when administered ac 2
pg/mouse. When the plasmid backbone was modified by the
addition of three to four more CpG motifs, immunogenicity
at 2 pg/ml was achieved (TABLE 2) [36].

It is noteworthy that the ability of CpG motifs to augment
antibody (Ab) and cytokine production in vive appears to be
limited. For example, the immune response induced by a CpG-
optimized plasmid is no greater than that of a conventional
plasmid when both are administered ac high concencration
(TABLE 2) (36]. Similarly, dose—response studies indicate that the
ability of CpG ODN to stimulate spleen cells to secrete
cytokine and Ig in vitro reaches a plateau and then begins to
fall. In this context, there is evidence that adding too many

CpG motifs to the backbone of a plasmid vector may reduce its
immunogenicity. In one report, introducing 16 additional CpG
motifs into 2 DNA vaccine improved the humoral immune
response elicited in vivo, while introducing 50 such motifs
reduced the response (39]. This may reflect the ability of CpG
motifs to stimulate IFN-y production — a cytokine that reduces
the activity of the CMV promoter used to drive expression of
the gene encoded by the DNA vaccine. These findings suggests
that the maximal stimulatory effect of CpG motifs may be
achieved using relatively low doses of DNA.

Deleting CpG motifs from a plasmid vecior reduces DNA
vaccine immunogenicity

When the CpG motifs present in a DNA vaccine are methylated
with Sss I CpG methylase, their ability to induce cytokine pro-
duction is significantly reduced (TABLE 2) [33,36,40]. As the duration
of Sss I treacment is increased, greater methylation is achieved
(36.41]. Increasing the percent methylation of CpG dinudleotides
in DNA vaccines progressively reduces their ability to activate
cyrokine-secreting cells in vitro. For example, an 80% methylated
vaccine induces 60-80% less cytokine production than does
native plasmid, whereas 97% methylated material induces virtu-
ally no cywkine production (TaBLE2) (36]. Highly methylated
DNA vaccines are also less immunogenic in vivo. As seen in
TABLE 2, the IgG ant-PyCSP antibody response induced by 97%
methylated material in vivo was only 3% of control values. These
effects can be reversed by coadministering CpG-containing
ODN with a CpG-depleted plasmid (TABLE 2).

Immunosuppressive mofifs in DNA vaccines

Whereas CpG-containing bacterial DNA causes immunostim-
ulation in vive and in vitro, when mammalian DNA is coad-
ministered with CpG DNA, it blocks such activation in a dose-
dependent manner (TABLE1) [38421. This suppression may
account for the inability of mammalian DNA, which contains a
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low frequency of CpG motifs, to induce immune stimulation.
Several laboratories showed that mammalian and viral DNA
contain motifs that suppress the CpG-induced activation 38,42,
More recent studies indicate that eliminating suppressive motifs
from the backbone of a DNA vaccine can improve its immuno-
genicity by up to threefold (38]. These observations suggest that
DNA can both stimulate and suppress the immune system.

CpG ODN act as adjuvants when coadministered with
convenfional protein antigens

Building upon results implicating CpG motifs in the immuno-
genicity of DNA vaccines, the efficacy of CpG ODNs as
immune adjuvants for conventional proteins and vaccines was
examined. Early studies showed that coadministering CpG
ODN with model proteins, such as ovalbumin (OVA), hen
egg white lysozyme and B-galactosidase, improved serum anti-
body and IFN-y titers (TABLES 3 & 4) [35.37,43). This effect was
CpG specific, since control ODN did not boost immunity.

Immunogenicity is optimized by colocalizing antigen with
CpG ODN

The first experiments carried out in this field utilized soluble
antigens and ODN that could freely diffuse from the site of
injection. Reasoning that the adjuvant-like effect of CpG
ODNs might be improved if proximity to antigen was main-
tained, various strategies were employed to sustain the associa-
tion between ODN and antigen. Results showed that improved
immune responses were increased an additional tenfold when
CpG ODN were kept in close contact with antigen, either by
direct conjugation or by coincorporation into lipid emul-
sions/vesicles (35.37,4445]. These results confirm the intuitive
expectation that optimal stimulation occurs when antigen and
adjuvant are presented to the immune system in close spatial
and temporal proximity.

Effect of CpG ODN on antibody production

Consistent with studies of DNA vaccines, CpG ODN altered
the isotype of antibody elicited following immunization. For
example, OVA alone triggered a primarily IgGl antibody
response, whereas the addition of CpG ODN significandy
increased the production of IgG2a antibodies, increasing the
IgG2a:IgG1 ratio by ninefold (TaBLE 3). A similar shift in isotype
profile was observed when a variety of other antigens (including
polysaccharide antigens) were coadministered with CpG ODN
(TABLE 4) [35,37,44,45].

Effect of CpG ODN on cylokine production

The effect CpG ODN on antigen-specific cytokine-producing
cells was also examined. Coadministration of CpG ODNs with
OVA increased the number of spleen cells actively secreting
IFN-Y in vivo by twofold compared with mice immunized with
OVA alone (TABLE 3) [37]. To establish that this effect was antigen
specific, cells from immunized mice were restimulated in vitro
with OVA. There was a significant dose-related increase in
IFN-y production by cells from mice immunized with CpG

ODN plus antigen (TABLE 3). In contrast, splenocytes from ani-
mals immunized with OVA plus control ODN showed no
increase in IFN-y production.

CpG ODN improve vaccine-induced responses

Subsequent studies established that CpG ODN could boost the
response elicited by conventional vaccines. This effect was of
particular relevance for those pathogens known to be elimi-
nated by a strong Th1 response {46,471. When CpG ODN were
coadministered with vaccines against influenza virus (48], mea-
sles virus (49}, hepatitis B surface antigen (HbsAg) (50.51] or teta-
nus toxoid (52}, antigen-specific Ab titers rose by up to three
orders of magnitude (TaBLE#). CpG ODN also triggered the
preferential production of IFN-y-dependent IgG2a antibodies
(Abs) and facilitated the development of antigen-specific CTL
(48-51,53,54]. While protection was induced against many of
these pathogens in animal challenge models, increased immune
activity was not always associated with improved vaccine effi-
cacy. Mice treated with CpG ODN plus influenza vaccine, for
example, were not well protected from viral challenge (4s).

CpG ODN improve mucosal inmune responses

Since many pathogens gain access to the host through the respi-
ratory, gastrointestinal, vaginal, or rectal mucosa, the ability of
CpG ODN to boost mucosal immunity was also examined.
Administering a combination of CpG ODN plus formalin-
inactivated influenza virus intranasally significandy increased
flu-specific Ab levels in the serum, saliva and the genital tract
48]. Similarly, intranasal delivery of CpG ODN plus HbsAg or
B-galactosidase stimulated strong antigen-specific IgA responses
throughout the mucosal immune system and in the serum
(55,56). Spleen cells from intranasally immunized mice preferen-
tially produced IFN-y rather than IL4 when re-exposed to

/Table 3. CpG ODN increase the immune response to a
protein antigen.

Fold increase
Ab titer G2a:G1 ratio IFN-y

OVA alone 18 0.1 23
OVA + Cpg ODN 46 04 47
OVA + GpC ODN 16 0.1 2.1
OVA conjugated to 180 09 9.4
GpC ODN

(OVA + CpG ODN}) 140 0.8 838

emulsified in IFA

BALB/c mice were immunized and boosted with 20 pg of ovalbumin pius 50 ug
of ODN. The ODN were either mixed in the same syringe, conjugated to the OVA
via biotin-avidin bridges, or emulsified in IFA. Three weeks after treatment,
antigen-specific serum antibody titers were determined by ELISA. At the same
time, the number of cells stimulated to secrete IFN-y/10° spenocytes was
monitored by ELISPOT assay. Ab: Antibody; IFA: Incomplete Freund's adjuvant;
ODN: Oligodeoxynucleotides; OVA: Ovalbumin.
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/T able 4. CpG ODN as immune adjuvants: use with conventional amtigens

Antigen Cytokine

Fold increase in Ab titer  Ig profile Profile Ref.
Ovalbumin >7-fold (3 weeks) G2a > Gi IFN-y (37.44)
Hen eggwhite lysozyme >10-fold (3 weeks) G2a > G1 IFN-y, IL-5 [43]
Hepatitis B surface antigen >10* (4 weeks) {50]
Influenza virus 10-fold {4 weeks) (48]
Measles virus 20-fold (4 weeks) G2a > G1 IFN-v, IL-5 (49)

antigens. Ab: Antibody; IFN: interferon; IL: Interleukin.

This table provides an overview of the type and magnitude of immune response elicited when CpG ODN are coadministered with conventional protein- or vaccine-based

antigen in vitro. They also generated MHC-restricted, antigen
(Ag)-specific CTL, replicating the effects of parenterally
injected CpG ODN plus Ag (s5].

CpG ODN improve the immune response of neonatal animals
The adjuvant-like properties of CpG ODN observed in aduit
mice triggered interest in their potential to improve the
response of newborn animals. Due to the immaturity of the
neonatal immune system, newborns exposed to foreign anti-
gens are at risk of mounting an inadequate immune response
157,58}, or of developing tolerance rather than immunity (59,601.
For example, newborns respond poorly when immunized
with HbsAg, attenuated measles virus, or tetanus toxoid [49,51]
and develop tolerance to a DNA vaccine encoding the CSP of
malaria (60.61). Several studies showed that CpG ODN-
enhanced Ab and CTL responses when coadministered with
antigen to very young mice [49,51]. The interpretation of these
findings is complicated, however, because animals in these
studies were immunized at multiple ages, obscuring the effect
of a single early dose of CpG ODN on subsequent immune
responses.

Identification of CpG motfifs that are immunostimulatory
in primates
Over evolutionary periods, TLR9 molecules expressed by dif-
ferent species have diverged. For example, the TLRY of mice
differs from that of humans by 24% at the amino acid level
(18]. Due to this divergence, the precise sequence motif (CpG
dinucleotide plus flanking regions) that optimally stimulate
immune cells from one species may differ from the optimal
sequence in another species. For example, cells transfected
with murine TLR9 are more responsive to CpG motifs opti-
mized for activiy in mice (GACGTT) than humans
(TCGTT)us-20. The same cells transfected wich human
TLRY responded optimally to TCGTT rather than
GACGTT. These findings confirm the importance of TLR9
as a receptor for CpG DNA (described above) and suggest
that chis receptor may account for species-specific differences
in the response to bacterial DNA [19).

Peripheral blood monocytes (PBMC) from humans and other

primates (e.g., rhesus macaques, chimpanzees) respond to at

least two structurally distinct classes of CpG ODN (62.63]. ‘K-
type ODN (also referred to as ‘B’-type) have phosphorothioace
backbones, encode multiple TCGTT and/or TCGTA motifs,
trigger the maturation of plasmacytoid DCs and stimulate the
production of IgM and IL-6 (TABLE 5) 17,19.62-64]. D ODN (also
referred to as ‘A-type) have mixed phosphodiester/phospho-
rothioate backbones and contain a single hexameric purine/pyri-
midine/CG/purine/pyrimidine motif flanked by self-comple-
mentary bases that form a stem—loop structure capped at the 3
end by a polyG il {62). D ODN trigger the maturation of APCs
and preferentially induce the secreton of IFN-a and IFN-y
(62.64]. Preliminary studies suggest that additional classes of CpG
ODN may exist that can stimulate both B-cells and pDCs.

The response of PBMC from nonhuman and human primates
to K- and D-type ODN are quite similar (65-671. PBMC from
both species respond to the same sequence motifs by proliferating
and secrete cytokines. In contrast, control ODNs of the same
general structure as CpG ODN but lacking the critical CpG
dinucleotide do not stimulate PBMC from any primate species.

in vivo adjuvant activity of CpG ODN in nonhuman primates
Building on the observaton that nonhuman primates respond to
the same CpG ODN that stimulate human cells, rhesus
macaques were immunized and boosted with a mixture of OVA
plus ODN. Animals immunized with antigen and D ODN
increased their IgG anti-OVA response by 470-fold after primary
(p < 0.05) and by 600-fold after secondary (p < 0.01) immuniza-
tion. By comparison, K ODN boosted the IgG Ab response by
sevenfold after primary and 35-fold after secondary immuniza-
tion when compared with pretreatment values (p < 0.05).
Macaques immunized with OVA plus control ODN generated
only a fourfold increase in anti-OVA titer. These findings indi-
cate that ‘D’ ODN are particularly effective at boosting the anti-
gen-specific humoral response to a coadministered antigen.

Effect of CpG ODN on the immunogenicity & protective
efficacy of vaccines in nonhuman primates

Several studies confirm that CpG ODN can act as immune adju-
vants in nonhuman primates [63,66.67. This includes evidence
that K-type ODN boost the antgen-specific serum IgG response
to alum-adjuvanted hepatitis B vaccine and to a peptide from the

»
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Table 5. Antibody titers of rhesus macaques immunized
with OVA plus ODN.

IgG anti-OVA serum titer
Primary Secondary
OVA + control ODN 460 420
OVA + K-type CpG ODN 780 1250
OVA + D-type CpG ODN 9500 13,800

Macaques were immunized with 4 pug of OVA plus 125 ug of alum and 250 ug
of ODN. Values represent the geometric mean titer determined by ELISA. The
response of animals immunized with OVA plus alum plus D-type ODN was
significantly increased over both other groups (P < 0.01).

g: Immunoglobutin; ODN: Oligodeoxynucleotide; OVA: Ovalbumin.

CSP of malaria in orangutans and/or aotus monkeys (63,66.67]. Of
particular interest, orangutans (which typically mount poor
responses to the haptitis B vaccine alone) generated protective
anti-Hepatitis B Ab levels when immunized with the vaccine plus
CpG ODN.

Despite evidence of enhanced immunogenicity, early experi-
ments did not establish whether the immune responses generated
by adding CpG ODN to a vaccine could boost protection
against infection in primates. To evaluate this issue, rhesus
macaques were immunized with a leading leishmania vaccine
candidate, heat-killed leishmania vaccine (HKLV). Cutaneous
leishmania infection provides a useful model for studying protec-
tive efficacy, since the nature, severity, duration and histopathol-
ogy of this infection in macaques is quite similar to that in
humans (68,691 Clinical trials have shown that HKLV alone is safe
but poorly immunogenic [69]. Macaques were therefore immu-
nized and boosted with a mixture of HKLV plus CpG ODN.
When PBMC from these animals were restimulated in vitro with
leishmania antigen, those from macaques immunized with
HKLYV plus CpG ODN had significantly more cells activated to
secrete IFN-y (p < 0.05) 65]. In contrast, animals immunized
with HKLV alone showed no increased IFN-y production when
compared with unimmunized controls.

The critical measure of an antigen/adjuvant combination is
its ability to induce protective immunity. Vaccinated animals
were therefore challenged with 107 L. major metacyclic promas-
tigotes. Animals vaccinated with HKLV alone developed typical
cutaneous lesions with a peak surface area of 300 + 60 mm? 26
days after challenge (FIGURE 1). Monkeys vaccinated with HKLV
plus K ODN developed lesions of similar size, although the
peak lesion formation was slightly delayed. Animals immunized
with HKLV plus D ODN had significanty smaller lesions
(maximal size 80 + 13 mm?, p < 0.05), consistent with a
reduced parasite burden (FIGURE 1) 70). These findings indicate
that CpG ODN can improve the protective efficacy of vaccines
in primates as well as rodents.

Safety & activity of CpG ODN in humans
Several reports indicate that CpG ODN may have toxic effects
when administered in conjunction with lipopolysaccharides or

D-galactosamine (71,72]. Other studies suggest that CpG ODN
can promote the development of organ-specific autoimmune dis-
ease when coadministered with certain self antigens (73-751. To
examine their toxicity, CpG ODN at a dose equal to exceeding
that typically used in adjuvant experiments were injected weekly
for 4 months into normal BALB/c mice. All of the animals
remained physically vigorous [76]. None of the animals became
sick, lost weight, or died. Cohorts of mice sacrificed 1-30 days
after the end of treatment were examined histologically. None
showed macroscopic or microscopic evidence of tissue damage
or inflammation (76). Similarly, no adverse health effects have
been reported in studies involving the delivery of CpG ODN
to nonhuman primates (65).

Two clinical trials involving the use of K/B-type CpG ODN
as vaccine adjuvants for vaccines against infectious diseases have
been conducted. In the first double-blind study, 0, 0.5 or 1 mg
of CpG ODN was coadministered with the licensed hepatitis B
vaccine (Engeirix-B™, GlaxoSmithKline [GSK], MD, USA)
intramuscularly to healthy, nonimmune adult volunteers on
weeks 0, 4 and 24. Addition of CpG ODN resulted in signifi-
cantly earlier and stronger serum anti-HBs antibody responses
when compared to volunteers immunized with vaccine alone.
Two weeks after initial immunization, anti-HBs titers could be
detected in >80% of subjects receiving vaccine plus CpG ODN
but in none of the control group. The geometric mean titer of
anti-HBs Abs among subjects treated with CpG ODN plus
vaccine were 13—45-fold higher than in recipients of vaccine
alone after both primary and secondary immunization.

In the second double-blind study, 1 mg of CpG ODN was
coadministered intramuscularly with either the standard or one
tenth the standard dose of the Fluarix™ (GSK, MD, USA)
influenza vaccine. When compared with subjects receiving the
same dose of Fluarix alone, the addition of CpG ODN had no
effect on the response of naive recipients but significantdly
increased the anti-HI titers among subjects with pre-existing
antibody levels. PBMC from CpG ODN vaccinated subjects
responded to in vitro restimulation by secreting significandy
higher levels of IFN-y than PBMC from control vacinees.

Adverse events (AEs) were observed in all groups of vaccine
recipients. These consisted predominantly of injection site
reactions (such as pain and erythema) and flu-like symptoms.
These symptoms were short lived and did not interfere with
the activities of daily living. The intensity of the AEs was sim-
ilar in all groups, although the frequency of AEs was higher
among those vaccinated with CpG ODN plus vaccine (versus
vaccine alone). No serious AEs attributed to use of CpG
ODN were reported. There were no clinically relevant
changes in hematocrit or white blood cell count among
immunized volunteers, nor were there any changes in liver or
renal function. Despite evidence from animal studies that pol-
yclonal B-cell activation and the production of Th1 cytokines
stimulated by CpG ODN may predispose to the development
of systemic or organ-specific autoimmune disease, none of the
subjects exposed to CpG ODN in these trials developed signs
or symptoms of autoimmune disease.
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Figure 1. Cutaneous lesions in macaques vaccinated with alum-adjuvanted HKLV plus ODN. Rhesus macaques (n = 6/group) were primed subcutaneously
and boosted 4 weeks later with 250 pg of alum-adjuvanted HKLV alone or combined with 500 g of a mixture of ‘D’ type or ‘K’ type CpG ODN. Animals were
challenged with 10’ metacyclic promastigotes on week 14. The average size of the lesions on the forehead (the site of challenge) is shown as the mean area
{calculated as [mean diameter/2]% x m). Note that macaques immunized with HKLV plus ‘D'ODN had significantly smaller lesions (p<0.01). PBMC from animals
immunized with HKLV pius CpG ODN also produced significantly more IFN-y than animals immunized with HKLV alone (p < 0.05, data not shown).

HKLV: Heat-killed leishmania vaccine; ODN: Oligodeoxynucieotide; PBMC: Peripheral blood monocyte.

Expert opinion & five-year view

An important goal of vaccine research is to identify agents capable
of boosting antigen-specific immunity. CpG ODN show promise
as vaccine adjuvants, based on their ability to stimulate an innate
immune response characterized by the proliferation/activation of
professional APC and B-cells and che production of pro-inflam-
matory (IL-1, IL-6, IL-18, TNF-a) and Thl-associated (IFN-y
and IL-12) cytokines.

The immune system of species ranging from fish to primates
recognize and respond to CpG ODN. ODN enter immune
cells within seconds, upregulate mRNA within minutes and
stimulate the release of immunoprotective cytokines and poly-
reactive IgM Abs within hours of administration (FIGURE 1)
(6,11,77,78]. Exposure to CpG DNA triggers an immunomodula-
tory cascade that culminates in the stimulation, directly or
indirectly, of multiple types of immune cell. They improve the
antigen presenting function of DCs, monocytes and macro-
phages, induce the proliferation of B-cells, boost Ab and
cytokine production by antigen-activated lymphocytes, stimu-
late the immunoprotective activity of NK cells and recruic T-
cells to the site of administration [44.79-81]. The capacity of
CpG ODN to modulate the host’s cytokine milieu contributes
to their activity as adjuvants. The induction of IL-6 promotes
B-cell activation, IFN-Y and IL-12 support the generation of

Thi-dependent immune responses and CTL, while IL-18 and
TNF-a improve APC function.

Clinical and preclinical studies typically utilize phospho-
rothioate-modified ODN as immune adjuvants, since they
have superior stability characteristics, reduced susceptibility to
DNAse digestion and a longer in vivo half-life. Phosphorothio-
ate ODN are readily manufactured at high purity and low cost,
are stable at room temperature and are easily reconstituted for
rapid administration. They are also intrinsically immunostimu-
latory, which further boosts the cytokine and IgM production
elicited by the CpG motifs they express (82-84].

Available evidence supports the conclusion that CpG motifs
present in DNA vaccines serve an immunostimulatory func-
tion, activating the innate immune system and thereby promot-
ing humoral and/or cell-mediated responses against environ-
mental and plasmid-encoded antigens. These findings are
consistent with the model proposed by Fearon and Locksley,
who postulated that an innate immune response can create an
immune milieu conducive to the development of antigen-spe-
cific immunity (85]. Further evidence suggests that CpG DNA
can function as an immune adjuvant when coadministered
with conventional protein-based vaccines. Preclinical studies
involving nonhuman primates confirm the expectation that
CpG ODN selected for their ability to activate human immune
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cells can boost the immune response to coadministered vac-
cines. While the magnitude of this effect varies with the type of
antigen and ODN utilized, studies with heat-killed leishmania
vaccine indicate that CpG ODN can convert an ineffective vac-
cine to one that provides significant protection from infection
5. Clinical studies designed to evaluate the safety and activity
of CpG ODN in humans are ongoing. Available results suggest
that these agents are safe and can in some cases boost immunity
to coadministered vaccines.

The utility of CpG ODN is underscored by their ability
to enhance mucosal as well as systemic immunity. This is of
considerable importance when dealing with pathogens, such
as respiratory syncytical virus, that gain access to the host
through the respiratory tract. Several studies show that com-
bining CpG ODN with vaccines significantly increases anti-
gen-specific IgA levels at mucosal sites (including the respi-
ratory, GI and reproductive tracts) and IgG levels
systemically {48,50,55). An additional benefit of CpG ODN is
their ability to boost immunity in groups with reduced
immune function, such as newborns, the elderly and the

immunosuppressed. For example, studies indicate thac CpG
ODN administered to young animals can boost serum Ab lev-
els and/or improve Thl responses to coadministered vaccines
49,51). By activating professional APCs and stimulating the
production of Thl and pro-inflammatory cytokines, CpG
ODN apparently create an immune milieu that facilitates the
induction of antigen specific immunity.
Efforts are underway to:
* Identify ODNs of different classes that are optimally active in
humans when coadministered with different vaccines
* Determine how these different classes of ODN regulate dis-
crete elements of the immune response [44,86,87)
* Monitor the long-term safety of CpG ODN
* Establish the optimal dose, duration and site(s) of vac-
cine/ODN delivery
We expect these efforts to further improve the efficacy of
CpG DNA in boosting immunity against previously resistant
pathogens, including those that may be used in biowarfare (88).

[Key issues

* CpG oligodeoxynucleotides (ODN) interact with Toll-like receptor 9 to trigger the maturation and functional activation of

professional antigen presenting cells, B-cells and natural killer cells.

e The resultant immune response is characterized by the production of polyreactive immunoglobulin {lg)M antibodies, cytokines and
chemokines, skewed towards the induction of T-helper 1 immunity.

e The presence of CpG motifs in their plasmid backbone contributes to the immunogenicity of DNA vaccines. Optimizing the sequence,
number and location of such motifs may improve DNA vaccine efficacy.

e Combining CpG ODN with conventional protein antigens and vaccines leads to significantly higher antigen-specific 1gG2a and
interferon-y responses.

e CpG ODN can be used to boost immunity in neonatal, adult and geriatric populations. They are effective vaccine adjuvants when
administered either systemically or mucosally.

* CpG motifs optimized for activity in humans have been identified.
e Clinical trials indicate CpG ODN can significantly boost the immunogenicity of coadministered vaccines. Local reactogenicity may

increase, but general safety is good.
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Cutting Edge: Role of Toll-Like Receptor 9 in CpG
DNA-Induced Activation of Human Cells®

Fumihiko Takeshita,>> Cynthia A. Leifer,? Thsan Gursel, Ken J. Ishii,
Saoko Takeshita, Mayda Gursel, and Dennis M. Klinman*

Unmethylated CpG motifs present in bacterial DNA stimulate
a rapid and robust innate immune response. Human cell lines
and PBMC that recognize CpG DNA express membrane-
bound human Toll-like receptor 9 (hTLRY). Cells that are not
responsive to CpG DNA become responsive when transfected
with hTLRY. Expression of hTLR9 dramatically increases up-
take of CpG (but not control) DNA into endocytic vesicles.
Upon cell stimulation, h\TLRY and CpG DNA are found in the
same endocytic vesicles. Cells expressing hTLR9 are stimu-
lated by CpG motifs that are active in primates but not ro-
dents, suggesting that evolutionary divergence between TLR9
molecules underlies species-specific differences in the recogni-
tion of bacterial DNA. These findings indicate that hTLR9
plays a critical role in the CpG DNA-mediated activation of
human cells. The Journal of Immunology, 2001, 167:
3555-3558. ‘

embers of the Toll-like receptor (TLR)® family re-
M spond to pathogen-associated molecular patterns ex-

pressed by a diverse group of infectious microorgan-
isms (1), thereby triggering the host’s innate immune system.
TLRs contain an extracellular domain with leucine-rich repeats
and an intracytoplasmic domain homologous to the IL-1R (2). Cel-
lular activation by TLR proceeds through a signaling cascade in-
volving myeloid differentiation marker 88, IL-1R-associated ki-
nase (IRAK), TNFR-associated factor 6 (TRAF6), and NF-«B
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translocation, culminating in the up-regulation of genes involved
in host defense (2).

Unmethylated CpG motifs are present at a 20-fold higher fre-
quency in bacterial than mammalian DNA, due to a combination of
CpG suppression and CpG methylation (3, 4). CpG motifs trigger
an innate immune response characterized by the activation of Ig-,
cytokine-, and chemokine-secreting cells (3, 5). This response con-
fers protection against a variety of intracellular pathogens consis-
tent with unmethylated CpG motifs acting as pathogen-associated
molecular patterns. Preclinical and clinical studies indicate that
synthetic oligodeoxynucleotides (ODN) containing CpG motifs
may have therapeutic value as immune adjuvants and anti-
infectious agents (4, 6).

Recent studies indicate that TLR9 plays a critical role in the
recognition of CpG motifs in mice. Dominant-negative (DN) ver-
sions of myeloid differentiation marker 88, IRAK, and TRAF6
inhibit CpG ODN-mediated cellular activation, and TLR9-knock-
out mice fail to mount an immune response when stimulated with
CpG ODN (7, 8). Despite 76% identity at the amino acid level
between murine and human TLR9 (hTLR9) (7), the CpG motifs
that are most active in mice have little effect on human cells, and
vice versa (9). Moreover, the type of CpG motif expressed by
various pathogens influences the type and magnitude of immune
response elicited in different mammalian species (10). The present
work examines whether CpG recognition in humans is also medi-
ated by TLR9 and explores the nature of the receptor-ligand
interaction.

Materials and Methods

Reagents

Phosphorothioate ODNs were synthesized at the Center for Biologics Eval-
uation and Research core facility (Bethesda, MD). Sequences of the ODN
(5'—3") were: K3 CpG ODN, ATCGACTCTCGAGCGTTCTC; K3-flip
control ODN, ATGCACTCTGCAGGCTTCTC; K3-methyl, AT"CGAC
TCT™CGAG™CGTTCTC; 2006, TCGTCGTTTTGTCGTTTTGCTGTT
(11); 1466, TCAACGTTGA; 1555, GCTAGACGTTAGCGT; and 1612,
GCTAGATGTTAGCGT, where ™C indicates a methyl cytosine. Cy3 was
conjugated to the 5’ end of some ODN. LPS was purchased from Sigma
(St. Louis, MO). Human IFN-y was purchased from Life Technologies
(Gaithersburg, MD).

Cells and cell cultures

Cell lines (obtained from American Type Cuiture Collection, Manassas,
VA) were maintained in complete DMEM (10% FCS, 50 mg/ml penicillin/
streptomycin, 2 mM L-glutamine, 10 mM HEPES buffer, 0.11 mg/ml so-
dium pyruvate, and 0.5 mM 2-ME). Elutriated monocytes and PBMC were
obtained from the National Institutes of Health Blood Bank (Bethesda, MD).

Plasmid construction

Human TLRY cDNA (the gift of Dr. B. Beutler, Scripps Research Institute,
La Jolla, CA) (12) was inserted into pClneo (Promega, Madison, WI).

* 0022-1767/01/302.00
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Human TLR9B (amino acids 58-1032), hTLR9 a5 deletion mutant (1-
1000), and hTLRY intracellular domain (ICD) deletion mutant (1-860)
were PCR generated from this cDNA. TLR9 (26-1032) was cloned into
pDisplay (Invitrogen, Carlsbad, CA), which generated a hemagglutinin
(HA) tag. PCR-amplified DN IRAK1 (1-96) and DN TRAF6 (287-523)
were cloned into pFlagCMV4 (Sigma).

Cell transfection and luciferase assay

Cells (5 X 10%) were transfected using FuGENE 6 (Roche Molecular Bio-
chemicals, Indianapolis, IN) plus 0.1 pg P5SxNF-«B-luc (Stratagene, La
Jolla, CA), 0.1 pg pSV-B-galactosidase (Promega), and 0.2-0.8 pug of
various expression vectors for 18 h. Luciferase assays were performed as
recommended by the manufacturer (Promega) after 24 h. B-Galactosidase
activity was used to normalize the data.

RT-PCR

PCR (33-40 cycles)-amplified products from 1 10 5 ug of reverse-tran-
scribed RNA  were visualized by ethidium bromide staining on
agarose gels.

Confocal microscopy

Transfected 293T cells were treated with Cy3-labeled ODN for 10120
min at 37°C. Cells were washed, fixed, permeabilized, and stained for
HA-TLRS protein using FITC-anti-HA Ab (clone 3F10; Roche Molecuiar
Biochemicals). Subcellular localization of Cy3 and FITC signals were de-
termined by confocal microscopy (LSM5 PASCAL; Carl Zeiss,
Thornwood, NY).

Results and Discussion
CpG responsiveness of human cells correlates with TLR9 mRNA
expression

TLRY mRNA was expressed in CpG-responsive human monocytes
and RPMI 8226 cells, but not by unresponsive cells (such as Jurkat
or 293; Fig. 1). Human PBMC constitutively expressed low levels
of TLR9 mRNA. IFN-y treatment significantly increased both
TLR9 mRNA expression and CpG DNA responsiveness of PBMC
(Fig. 1 and data not shown). Therefore, TLRY expression is a pre-
requisite for cell activation by CpG DNA, and factors that increase
TLR9 mRNA levels also increase responsiveness to CpG DNA.

TLRY confers responsiveness to CpG ODN that activate human
cells

To examine the importance of TLRY in the CpG-mediated activa-
tion of human cells, 293 cells were transiently cotransfected with
a NF-«B-dependent luciferase reporter (p5xNF-xB-luc) plus
hTLR9 (hereafter referred to as 2937r"%). 293Trans gimylated with
CpG ODN that activate human PBMC (9, 10) significantly in-
creased NF-«B dependent luciferase activity (Fig. 24). This stim-
ulation was abrogated if the critical CpG motif was disrupted by

+ ++

FIGURE 1. TLR9 mRNA expression correlates with CpG ODN respon-
siveness. RT-PCR specific for TLR9 or GAPDH (left panel) was per-
formed on RNA isolated from various human cell lines, elutriated primary
monocytes, and the pClneo-TLR9 plasmid (no reverse transcription). Fresh
human PBMC also expressed TLR9 mRNA (right panel). When stimulated
with 1000 U/ml IFN-v for 18 h, the responsiveness of these PBMC and
their levels of TLR9 mRNA both increased.
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FIGURE 2. Expression of hTLR9 confers CpG ODN responsiveness. A,
Luciferase activity of transfected cells 24 h after treatment with 1 pM of
the following ODN: human-stimulatory CpG ODN (2006 and K3), ODN in
which the critical CpG dinucleotide was inverted or methylated (K3-flip
and K3-methyl), murine-stimulatory CpG ODN (1466 and 1555), control
ODN (1612), or 1 pg/ml LPS. Results represent the mean + SEM of three
to five independent experiments; *, p =< .01, and #*, p < 001 compared
with identically treated cells cultured in medium. B, IL-8 mRNA expres-
sion by 293 cells transfected with vector or TLRY and stimulated for 24 h
with | uM CpG or control ODN as detected by PCR.

inversion or methylation (Fig. 24). Moreover, CpG ODN known to
trigger rodent but not primate cells (ODN 1555 and 1466) were
uniformly inactive (Fig. 2A4). The response of TLR9 was CpG
specific, because 293" did not respond to LPS (Fig. 24), and
293 cells transfected with TLR4 did not respond to CpG ODN
(data not shown). These findings indicate that 1) TLR9 is involved
in the recognition of human CpG motifs, and 2) differences in CpG
recognition between species may reflect evolutionary divergence
between TLR9 molecules.

The 293 cells transfected with TLRY alone responded to CpG
ODN by significantly increasing endogenous IL-8 mRNA expres-
sion (Fig. 2B). Control ODN had no effect on TLR9-transfected
cells, and CpG ODN had no effect on mock-transfected cells.

IRAKI and TRAFG participate in the TLR9-dependent signaling
cascade

DN forms of IRAK1 or TRAF6 inhibited TLR9-mediated lucif-
erase activity in a dose-dependent manner (Fig. 34). Although pre-
vious studies established that IRAK1 and TRAF6 were critical for
CpG ODN-mediated cell signaling (8), current findings establish
that their activation proceeds through TLRY engagement. In con-
trast, cofactors known to stabilize cell membrane expression of
other members of the TLR family, such as MD1 and MD2 (13),
did not influence CpG ODN-mediated activation of 293™*" (data
not shown). .
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FIGURE 3. CpG ODN-mediated TLR9 signaling. A, The 293 cells were
cotransfected with p5xNF-«B-luc, TLR9, and varying amounts of DN
IRAK1 or TRAF6 plus vector to yield a constant 0.8 ug DNA/reaction.
Data show luciferase activity 24 h after incubation in medium () or 1 uM
CpG ODN (Ml). B, Same as in A except 293 cells were cotransfected with
pSxNF-«B-luc, TLR9/B, and/or 0.2-0.8 ug of ICD-deleted TLR9 mutants
(a5 del or ICD del). The diagram shows TLR9 and truncation mutants. SP,
signal peptide; TMD, transmembrane domain. Results represent the
mean + SEM of three independent experiments; *, p < 0.05, and *x,
p = 0.01 compared with cells transfected with TLR9 alone.

Contribution of intracellular and extracellular domains to cell
signaling

To identify those regions of the TLR9 molecule critical to cell
signaling, deletion mutants were generated (Fig. 3B). Cells trans-
fected with TLR9B (lacking the NH,-portion of TLRY; Ref. 12)
did not respond to CpG ODN (Fig. 3B). As expected, eliminating
the entire ICD also abrogated CpG ODN-mediated NF-«B activa-
tion (Fig. 3B). Interestingly, a TLR9 construct lacking only the
C-terminal 32 amino acids of the ICD was also inactive, suggest-
ing that this region plays a critical role in cell signaling.

Because eliminating the extracellular domain (ECD) can con-
stitutively activate TLRs (14), 293 cells were cotransfected with
TLR9 plus an ICD deletion mutant to examine the contribution of
the ECD to TLR9-mediated signaling/activation. CpG ODN-de-
pendent cellular activation was suppressed in a dose-dependent
fashion by both the a5 and ICD deletion mutants (Fig. 3B). This
effect was most likely mediated by ECD interactions, because co-
transfection did not alter TLR9 mRNA expression (data not
shown). Thus, similar to other members of the TLR family, TLR9
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signaling appears to involve the generation of multimers through
ECD interactions (15, 16).

Cellular localization of CpG ODN and TLR9

Several members of the TLR family are expressed on the plasma
membrane (13, 17). Signaling through TLR2 involves the redis-
tribution of the receptor from the membrane into phagosomal ves-
icles (17). Although uptake by acidified endocytic vesicles may be
required for CpG-mediated signaling (18, 19), recent reports sug-
gest that CpG ODN can bind to the plasma membrane and need not
be internalized to trigger (20). :

To examine the relationship between CpG binding, endocytosis,
and signaling, a TLR9 construct encoding a HA tag (HA-TLR9)
was generated. Cells transfected with HA-TLR9 specifically bound
FITC-anti-HA Ab (Fig. 4A) and activated NF-«B in response to
CpG but not control ODN (data not shown). Cell surface staining
of HA-TLRY transfectants showed that a fraction of the TLR9 is
on the cell surface (data not shown). Because transfected 293T
cells over-express HA-TLRY, the location of this molecule under
physiologic conditions requires further study.

Cells expressing HA-TLR9 were incubated with Cy3-labeled
ODN. CpG ODN initially associated with the cell surface, began to
form vesicles near the surface, and entered the nucleus of HA-
TLR9-transfected cells within 10 min (data not shown). By 2 h, the
size and number of CpG ODN-containing vesicles had increased,
and the vesicles relocated from near the plasma membrane to in-
tracellular regions (Fig. 44). In some cases, both hTLR9 and CpG
ODN were colocalized within the same endocytic vesicle (Fig. 44).

Control (non-CpG) ODN also rapidly gained access to the nu-
cleus and formed small vesicles near the surface of HA-TLR9-
transfected cells. However, these vesicles did not change in size or
number over time, nor did they relocate within the cell (Fig. 4B).
Similarly, ODN reached the nucleus of cells transfected with vec-
tor alone, but induced minimal vesicle formation (Fig. 4, Cand D).
Thus, cells that lack TLR9 can internalize DNA in a sequence-
nonspecific manner, but TLR9 enhances vesicular uptake, vesicle
relocation, and cellular activation in the presence of CpG motifs.

To verify these conclusions, 293T cells were transiently trans-
fected with HA-TLR9 ICD deletion mutant, a mutant TLR9 lack-
ing the cytoplasmic tail. This mutant does not signal, instead acting

FIGURE 4. Celiular localization of TLRY and CpG ODN. The 293T
cells were transfected with HA-TLR9 (A and B), vector (C and D), or
HA-TLR9 ICD deletion mutant (E and F) and treated for 2 h with Cy3-
CpG ODN (red; A, C, and E) or Cy3-control ODN (B, D, and F). Cells
were then fixed, stained with FITC-conjugated anti-HA Ab (green), and
analyzed by confocal microscopy. Arrows show larger yellow/orange ves-
icles, indicating colocalization; and arrowheads show smaller, more pe-
ripheral red vesicles. Representative sections from one of six independent
experiments (magnification, X 1000),are shown.
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as a DN when coexpressed with hTLR9 (Fig. 3). Similar to vector-
transfected cells, ODN gained access to the nucleus but formed
only small peripheral vesicles in cells transfected with the HA-
TLR9 ICD deletion mutant (Fig. 4, E and F). Prolonged incubation
did not increase in the number or size of CpG-containing vesicles
and rarely triggered their relocation. Thus, cellular activation
through TLR9 was linked to enhanced vesicular uptake of
CpG ODN.

Conclusions

This work provides three fundamental insights into the role of
hTLR9 in CpG-mediated activation of human cells. First, expres-
sion of TLR9 is a prerequisite for CpG ODN responsiveness. This
supports and extends observations in mice that TLR9 plays a crit-
ical role in CpG recognition (7). Our results demonstrate that
hTLR9 is a cell surface receptor expressed by CpG-responsive
cells, and that hTLR9 transfection confers CpG reactivity to cells
that are otherwise nonresponsive. Second, hTLR9 enhances vesic-
ular uptake of CpG but not control ODN. In some cases, TLR9 and
CpG ODN colocalize within the same vesicles. Although ODN
enters cells that lack TLR9 (or express signal-defective TLR9 mu-
tants), this uptake is sequence independent and does not influence
vesicle formation. Together, these observations suggest that vesic-
ular uptake of CpG ODN is associated with cell signaling. Third,
the recognition of CpG DNA by hTLR9 is exquisitely sequence
specific. Eliminating the CpG dinucleotide by inversion or meth-
ylation abrogates responsiveness. Moreover, the CpG flanking re-
gion determines whether an ODN will activate human cells, and
concomitantly, whether it will trigger through hTLR9. These find-
ings suggest that species-specific differences in the recognition of
bacterial DNA evolved through diversification of TLR9.
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